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SUMMARY OF PROGRESS

Support by the US. Air Force Office of Scientific Research during the last several years has

enabled the two co-principal investigators to make a lasting impact on ceramic materials synthesis in

two areas. First it helped them develop the second generation sol-gel research which led to the

discovery and development of nanocomposites. Unlike the first generation sol-gel research which was

developed by one of the proposers (R.I.) in the early fifties and is presently practiced throughout the

world, the goal of the second generation sol-gel research is to achieve ultraheterogeneity or

nanoheterogeneity during processing, i.e., to make nanocomposites. The solution sol-gel (SSG) derived

nanocomposites have led to (a) lower crystallization temperatures, (b) enhanced densification at lower

sintering temperatures, and (c) phase and morphology control in some cases. Most recently we have

worked with glasses and also achieved spectacular results. For example we have been able to

crystallize, by using nanocomposite seeding, albite glass which has been impossible to crystallize. The

"nanocomposite" theme has now been widely and accurately copied and used worldwide and developed

especially in Japan which held the first international conference on the topic two years ago (see

Reprints #1 and #2 for developments in nanocomposites and sol-gel).

The main objective of the present grant is to extend this concept and try to crystallize

nanocomposite gLases through solid-state epitaxy. This approach could in principle then lead to a

universal composition glass ceramic process. An additional objective is to prove the critical role of

epitaxy in crystallization by fabricating sol-gel films on single crystal substrates of a particular

orientation. During the first year of this AFOSR grant, we have made a high visibility advance by

crystallizing albite glass which has been considered to be impossible to crystallize (please see Interim

Report of December 12, 1990). During the second year of this grant, the nanocomposite approach has

been extended to glasses in BaO-AI203-SiO2 system and to ceramics of the AI20 3-Ti' 2 system. In

addition solid state epitaxy has been demonstrated on single crystals of Ti02 and SrT113 (please see

Interim Report of November 21,1991). During the third year this concept has been extended to other

glasses and ceramic systems as described below.

1. s of Oxide Glasses and Gels Through Isostructural and Non-Isostructural Seeding

Na2O-A1203-SiO2 System. Albite glasses seeded with CaAl2Si2Os and SrAl2Si2O8 crystallized

faster than those seeded with LiAJSi3O8 or NaAISi3O8 crystals. The results of crystallization of

albite seeded glasses have been reported earlier (see Interim Report of December 12, 1990) and the

results of crystallization of anorthite seeded glasses have been published recently (see Reprint #3).

The albite gels seeded with different feldspars crystallized only partially unlike the glasses.

However, no crystallization of albite was observed in gels and glasses which are unseeded or those

seeded with non-Isostructural seeds such as TiO2, ZrO2, etc.
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K20-AI203-SiO2 system. Classes and monophasic gels of orthoclase (KAISi30 8) could not be

crystallized to feldspar by seeding with KAISi3O, NaAISi3O& UAlSi30& CaA12Si2O8 and

SrAI2Si2Os feldspar crystals. Both the seeded and unseeded glas and gels remained amorphous up
to about 1000-C but crystallized to leucite (KAISi206) above this temperature. However, we have been

able to crystallize high sanidine (KAMSi3Os) feldspar using multiphasic gels of orthoclase composition

by seeding them with NaAISi3Os, KAISi3Os, CaAI2Si208 and SrAl2Si20 feldspar crystals but not

with LiAISb3O8 This approach constitutes the use of so-called both compositionally and structurally

different nanocomposites. The use of these nanocomposites in this system suppressed partially or fully

the formation of leucite in the temperature range of 850W-11 oC.

BaO-A]203-SiO2 System. Several types of celsian (BaAI2Si3O8) gels were made among which

the gel from alkoxide method led to sintered samples of highest density. The unseeded gel crystallized

only to hexagonal celsian above 900"C. Feldspar crystalline seeds of NaAISi3O8, KAISi3O&

CaAI2Si2O& SrAI2Si2O8 and BaAI2Si20 8 did not affect the transformation kinetics of hexagonal

celsian formation in the temeprature range of 900"-1000"C. But monoclinic celsian started to form

around 1200C and became phase pure above 1300"C. Unseeded gels did not transorm to monodinic

celsian below 1450"C. Celsian gels seeded with UAISi308 crystallized to hexagonal celsian above

8501C and phase pure monoclinic celsian above 12001C. When these gels were seeded with rutile

(TM 2), the gels started to form hexagonal celsian at 850C and transformned to pure monodinic celsian

at 1300"C but with much slower kinetics compared to the feldspar seeded gels. The crystallization

with rubile can be explained by some epitaxial relations between ruile and the feldspar.

Li20-A1203-SiO 2 and CaO-AI203-SiO2 Systems. No seeding effects have been detected in the

crystallization of LiAISi308 and CaAI2Si2OS glasses and gels. The crystallization of feldspars in

these two systems is too rapid to detect the effect of solid state epitaxy by the addition of crystalline

feldspar seeds.

2. Effect of Isostrturai Seeding on Crystallization of Non-Oxide Glasses

We have reported earlier that isostructural seeding with SiC crystals of silicon oxycarbide

glasses was found to be ineffective. High temperature stability studies of oxycarbide glasses revealed

that they have a highly polymerized structure which led to their greater resistance to crystallization

(see Preprint #1).

3. Demonstration of Solid State Epitaxy on Single Crystals Using Sol-Gel Films

We have thoroughly demonstrated the role of epitaxy in the crystallization of TMO2 and SrTIO3

aol-e films deposited on single crystals of 1102 and SrMFO of special orientation (see Interim Report

dated Novender 21, 1991). We have recently prepared Pb(ZrO.s2T10. 48) thin films on platinum-coated

single crystal silicon by a modified sol-gel process using lead acetylacetonate as the lead source. The
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use of this new lead precursor provided more stability to the PZT precursor solution compared to the

commonly used lead acetate trihydrate (see Manuscript #2 for details).

In summary, the twin goals of this research have been accomplished and several papers have

been published or are in press. A Ph.D. thesis will be prepared shortly on the crystallization of glasses

through solid-state epitaxy.
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Reprint #1

J. MATER. CHEM.. 1992. ?A12, 1219-1230 1219

FEATURE ARTICLE

Nanocomposites

Srldhar Komameni
Materials Research Laboratory and Department of Agronomy, The Pennsylvania State University,
University Park, PA 16802, USA

The use of nanocomposites in materials processing can lead to monophasic or multiphasic ceramics, glasses
or porous materials, with tailored and improved properties. This review deals with a variety of nanocomposites
such as sol-gel, intercalation, entrapment, electroceramic and structural ceramic types, which exhibit superior
properties when compared to the monophasic or microcomposite alternatives. The utilization of nanocomposites
in materials processing is forecasted to have a major impact in catalytic, sensor, optical, electroceramic and
structural ceramic materials.

Keywords: Nanocomposite: Sol-gel processing; Catalyst; Sensor; Electroceramic; Feature Article

1. Defillokiim made at low temperatures (<100); these nanocomposite pre-

The term 'nanocomposites' was first coined by Roy, Komar- cursors can lead to homogeneous single-crystalline phase
neni and colleagues sometime during the period 1982-1983 ceramics or multiphasic crystalline ceramics upon high-neniandcollagus smetie dringtheperod 182-983 temperature heating; (2) intercalation-type nanocomposites.
to describe the major conceptual re-direction of the sol-gel which can be prepared at low temperatures 1<200 C) and
process, i.e. using the solution sol-gel (SSG) process to create lead to useful materials upon heating to modest temperatures

maximally heterogeneous rather than homogeneous mate-
rials." Di- and multi-phasic nanoheterogeneous sol-gel (<500'Q; (3) entrapment-type nanocomposites. which can be
materials were prepared and documented in 1984.1' Nano- prepared from three-dimensionally linked network structures
composites should be clearly differentiated from 'nanocrystal- such as zeolites which can also be synthesized at low tempera-
line' and 'nanophase' materials, which refer to single hases turs (< 250 'C); (4) electroceramic nanocomposites, which can
in the nanometre range. 'Nanocomposites' refers to composites be prepared by mixing nanophases of ferroelectric. dielectric.
of more than one Gibbsian solid phase where at least e superconducting and ferroic materials in a polymer matrix atof mre hanoneGibsia soid has whre t lastone low temperatures (<200°'C); (5) structural ceramic nanocom-
dimension is in the nanometre range and typically all solid positemwhcare p a by tradtioal ceramic processin
phases are in the 1-20 nm range. The solid phases can be posites, which amprepareCd by traditional eramic processing
amorphous, semicrystalline or crystalline or combinations at very high temperatures (1000-180O. These five major

categories can be subdivided further and are described belowthereof. They can be inorganic or organic, or both, and in detail.
essentially of any composition. The 'nanocomposite' theme
has now been widely and accurately adopted, used worldwide,
and developed especially in Japan. Although the term 'nano-
composites' was coined only recently, nanocomposites are LI Sol-Gel Namcomposites
pervasive throughout the biological systems (e.g. plants and
bones). Only very few man-made materials, such as intercal- The worldwide goal of all SSG work has been ultrahomogen-
ation compounds (e.g. graphite intercalation compounds, pil- city, while our goal in this area has been switched in the early
lared clays and clay-organic complexes) and entrapment-type 1980s to the preparation of nanocomposites that exhibit
compounds (e.g. zolite-organic complexes) have dealt with ultraheterogeneity or nanoheterogeneity. This conceptual
this size of material. In the biological world, plants form innovation of nanocomposite materials was a new direction
nanocomposites with the accumulation of significant amounts for sol-gel research. The concept of diphasic ceramic-ceramic
of inorganic components such as Si, Ca, Al. etc. at the tissue gels as a new class of materials with interesting potential was
and cellular level to deal with the mechanical and biophysical first introduced by Roy. 2 This new direction for the sol-gel
demands of their survival. In the animal world, bones, teeth processing science is now well established in our laboratory
and shells consist of nanocomposites of inorganic and organic and elsewhere•" The goal of ceramic materials processing
materials to achieve several key properties. The objective of via the nanocomposite ceramic gels is to exploit the thermo-
this article, however, is to review the work on man-made dynamics of metastable materials and, in particular, to utilize
nanocomposite materials and to identify areas where further the heat of reaction of the discrete phases and the advantages
developments are likely to occur. offered by epitaxy. Here the concepts are illustrated with the

processing of densification of different types of sol-gel nano-
composite leading to the crystallization and densification of
mullite, alumina, and zircon ceramics which have numerous

2. Difernut Familie of Nmncompeltes technological applications such as infrared transmitting mate-
Although nanocomposites can be classified as other com- rials, refractory materials, substrate materials and high-
posites based on connectivity,s here I have identified several temperature structural materials. The readers are requested
major families of nanocomposites based on their material to refer to the numerous publications cited above for a
function, physical and chemical differences, temperature of thorough understanding of these concepts. In addition to the
formation. etc. There are five major groups of nanocomposites above exploitation of the thermodynamics ofsol-gel materials.
at present: (I) sol-gel nanocomposites, which are composites one can also process sol-gel materials into various shapes

8
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such as films, fibres and monoliths with pore sizes in which
organic and inorganic second phases can be incorporated.

Sol-gel nanocomposites are further subdivided into six
categories: lII compositionally different nanocomposites:
12) structurally different nanocomposites; 13) both composi-
tionally and structurally different nanocomposites:
(41 nanocomposites of gels with precipitated phases:
(5j nanocomposites of xerogels with metal phases:
(6) nanocomposites of inorganic gels and organic molecules.

2.1.1 Cornpositionally Di.ferent Sol-Gel Nanocomposites
These are very intimate mixtures composed of two or more
solid phases that differ in composition and each with particle
size of the order of 10-20 nm. Solid phases of these dimensions
produce 'sols" when dispersed in a liquid. Two or more sols
of different composition can be uniformly mixed and gelled
to obtain compositionally different nanocomposites. Fig. I
shows the transmission electron microscope ITEM) picture of
a sol-gel nanocomposite of mullite composition consisting of
spherical silica particles (20 nm) and rod-like alumina (boehm-
ite) particles (ca. 7 nml. Such a uniform physical mixture can
be distinguished from a homogeneous sol-gel material which
does not show any non-uniformity because it is mixed on an
atomic scale [Fig. I(b)].9. 32 The compositionally different sol-
gel nanocomposites have been shown to sinter to crystalline
products in several compositional systemss8 23

.
26

.2''y3 with
close to theoretical density at much lower temperatures than
the homogeneous gels. 23"' Fig. 2 compares the scanning
electron micrographs of sintered bodies of cordierite made
from nanocomposites and homogeneous gels. This example
clearly shows that the compositionally different sol-gel nano-
composites densify much better than the homogeneous gels. 440

Fig. 2 Scanning electron micrographs of fracture surfaces ofcordierite
ENIE Ncomposition gels sintered at 1300-C for 2 h: (a) nanocomposite and

(b) homogeneous (single phasel. Reprinted by permission from ref. 27

Similar results have been obtained in other compositional
systems such as A120 3-Si0 2. SiO2-MgO. A1203-TiO2 .
etc.8" 3°'3• The enhanced densification of the nanocomposite
"gels made from two or more sols or nanophases may be
attributed to the heat of reaction among the sols or nano-
phases. The nanocomposite gels store much higher metastable
energy than the single-phase gels (Fig. 3)4 and thus the
enhanced densification of the nanocomposites may be attri-
buted to the additional energy provided during the exethermic
heat of reaction. Another reason for enhanced densification

140) 0 n m in the nanocomposites appears to be due to the simultaneous
densification and crystallization, unlike the homogeneous gels
where crystallization precedes densilication because of atomic-
scale mixing. Once the crystallization of the equilibrium phase
takes place, it is difficult to densify unless very high tempera-
tures are used. The above concept of compositionally different
sol-gel nanocomposites is generalizable and applicable to all
oxide ceramics which can be used as structural or electro-
ceramic materials. The lower processing temperatures are not
only useful in conserving energy but also advantageous in
preparing electroceramics and multilayer capacitors. which
contain volatile elements and therefore need to be processed
at low temperatures.

2.1.2 Structurally Different Sol-Gel Nanocomposites
These nanocomposites consist of two or more solid phases
with the same composition but different structure. Examples

iomn include mixtures of ultrafine crystalline seeds in amorphous
or semicrystalline xerogels. The gel materials are highly amen-

Fig. I Transmission electron micrographs of mullite composition able for uniformly distributing the ultrafine crystalline seeds.
iels: (a$ nanocomposite and (b) homogeneous #single phase? Using the system AI20 3, the effects of s-AI 20 3 seeds in
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" 'i I~ ~Tx (spontanebous cystallztion)

presstitng mltng

b(stable melting)

temperature

Fig. 3 Representation of G-T relations among isoplethal phases. Reprinted by permission of the American Ceramic Society U. 4m. Ceram.
Soc.. 1984. 67 468)

lowering crystallization temperature through epit- been reported. Using the structurally different nanocomposite
axy 10-16.'2°'.-. have been clearly demonstrated. Further evi- sol-gels, it is now possible to crystallize some feldspar gels
dence for epitaxy has been thoroughly demonstrated with (and glasses, see below) which have been found previously to
sol-gel films on single-crystal substrates3 '353'` where the gel be impossible to crystallize. The effect of solid-state epitaxv
crystallized into a single-crystal-like film with the same orien- in compositional systems which have high energy barriers is
tation as the substrate. Fig. 4 shows an X-ray diffractogram significant and can be exploited in the making of all types of
of a TiO, film on a TiO, single-crystal (110) substrate with ceramic. Further developments are likely to occur in electro-
the same orientation: the film is indistinguishable from the ceramics where there are some useful phases such as lead zinc
substrate be:ow. 36 The role of solid-state epitaxy in lowering niobate. which cannot be crystallized under ordinar.
the crystallization temperature is now well established in pressures.
numerous compositional systems including electroceramics.
The resultant effects of this structural epitaxy on microstruc- 2.1.3 Both Compositionally and Structurally Different
ture and sintering of alumina and other gels have already Sol-Gel Nanocomposites

These nanocomposites are a combination of the above two
types of nanocomposite and consist of compositionally dis-

S (110) (220) crete phases with crystalline seeds of the equilibrium phase.
This combination utilizes the heat of reaction of the composi-
tionally discrete phases and the lowering of the energy barrier
through epitaxial growth on the crystalline seeds. Using
zircon" as the prototype model, we have shown that both
the compositionally and structurally different sol-gel nano-
composites crystallize at a lower sintering temperature than

(b) either the compositionally or structurally different sol-gel
(101)' nanocomposites. Table I shows the lowest temperatures at

0 0which zircon formed for different types of nanocomposite. It

Tasl I Lowest temperature at which zircon formed in different
20 .- .- . . mono- and nano-composite precursors"

2Wdr~s compositional diphasicivt.
structural

Ig. 4 X-Ray diffractolram oi a TiO 2 film on rutile single crystal diphasicity no ýes
I110) substrate 1a) After 6h at 900'C: 4b) after I h at 60 -C. _" =
anatae. =- rutile. Reprinted by permission of the American Ceramic no 1325 C 111i C
Society (Sol-Gel Fabrication of Epitaxial and Oriented TiO. Thin yes 1100 C 107.5 C
Films. U. Selvary. A.V. Prasadarao. S. Kamarneni and R. Roy.
J. Am. Ceram. Soc.. 1992. 75. 1167) Reprinted by permission of Chapman and Hall.
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is obvious from Table I that both the compositionally and netic and optical devices is a long shot. their future in catalysis
structurally different nanocomposite gels yielded zircon at the appears to be bright.
lowest temperature. Similar results were obtained for ThO2 -
SiO, and AI0 3-MgO systems.s'5_ In the latter case. 2.1.6 Nanocomposites oflnorganic Gels and Organic
densification and microstructural studies of AI,0 3 093 0 o1- Molecules (Dyes)
MgO 170.) (abrasive grain composition by 3M Co.1 gels The sol-gel process is highly amenable to incorporating
seeded with both x-Al,0 3 and MgAIO 4 seeds revealed that optically active organic molecules such as laser dyes in porous
the double seeding has led to complete densification with very gel or glass-like matrices because the gels can be prepared at
line microstructure.14 room temperature and the porosity can be controlled. One

can incorporate the organic species including polymers during
2.1.4 .Vanocomposites of Gels with Precipitated Phases gelation'" or the organic molecules can be introduced into
These are one type of ceramic-ceramic nanocomposite which the pre-made sol-gel matrices through diffusion. Various laser
are prepared by the growth of extremely fine crystalline or dyes. conducting and conjugated polymers, polymers that
non-crystalline phases inside the pores of a pre-made gel le.g. contain hydrogen-bond acceptor groups and photochromic
SiOl structure.'-'-- The growth of fine phases is accomplished molecules have been successfully incorporated into silica
by soaking the gel in metal salt solution and subsequent gels"L4' and these nanocomposites may have interesting
precipitation of the metal with selected anions. Such a precipi- optical. non-linear optical. conducting and photochromic
tation presents a vastly more versatile (with respect to com- properties with potential applications in optical devices, laser
position of the matrix) approach to such nanocomposite materials and chemical sensors. Preliminary studies of the last
materials than is possible with, say. precipitation out of a 5 years or so have demonstrated that the activity of the
glass. The gel pores can be modified by liquid- and gas- different molecules is not impaired by their incorporation in
deposition techniques.3' This leads to modification of the sol-gel matrices. Further studies in this area include the
chemical character and the effective pore size and gives rise interactions between the sol-gel matrix and the guest mol-
to nanophases well below the size of the pores.3 s The nano- ecules for optimizing the properties of the resulting nanocom-
composite materials made by this method extend the pro- posites for various applications and the engineering of the gel
cessing options for photochromic glasses and catalytic pore structure to incorporate selectively chemical mqlecules
materials with interesting and improved transport, catalytic which will lead to the development of optically based chemical
and mechanical properties. sensors. Further details about these nanocomposites can be

obtained from an excellent review by Dunn and Zink."
2.1.5 Nanocomposites of Xerogels with Metal Phases
The sol-gel process has been extended to the preparation of 22 Imtercalabou-type Namocompauates
new diphasic xerogels leading to new ceramic-metal nano-
composite materials.' These nanocomposites have been pre- Naturally occurring or synthetic crystals of layer structure.
pared by two methods (Fig. 5). Xerogels of Al2O 3, SiOz and such as graphite and clays, can be intercalated with inorganic
ZrO 2 have been prepared as the matrices with Cu, Pt and Ni and organic species to generate bi-dimensional nanocom-
(5-50 nm) as the dispersed metal phases. Very finely dispersed posites. The layered crystals are of two types: (I1 with an
metal particles (2-4 nm) have been deposited by liquid- and unbalanced charge on the layers and (2) neutral layers. The
gas-deposition techniques in sol-gel membranes.3s These 2: I clay minerals and hydrotalcites (anionic clays) belong to
materials are obviously important as catalysts and they can the first group while the I : I clay minerals and graphite are
be optimized by manipulating the process parameters of the examples of the second type. Table 2 gives numerous examples
sol-gel methods. Iron'silica or alumina gel nanocomposites of the layered crystals"' which can be utilized in the prep-
have been prepared. and properties such as spin-glass mag-
netic behaviour, change in magnetic state with ammonia Tabe2 Layered crystals"
treatment and iron magnetic moments39 -"3 have been investi-
gated. Sol-gel-derived glass-metal nanocomposites involving molecular layered crystals cation exchangeable layered crystals
Fe, Ni and Cu in a silica glass matrix have been prepared
and electrical and optical properties have been studied."-" element silicates
Although the use of these nanocomposites in electrical, mag- graphite Montmonllonite

chalcogenides vermiculite
MX, iTiSz. NbSe2. MoS2) hectorite
MPXA iMnPS3, FePSej) phosphates

(a) one solution (b) sol + solution Ta 2SC ZrlHPO,): .nHO
Soxides Ti)HPO,).

MoO 3. VO, Na(UO 2PO,)-nH,O
8o) oxyhalides titanates

heterogeneous FeOCI. VOCI. CrOCi Na.Ti30-
ZrNCI KTiNbO,

hydroxides Rb,Mn,Ti2 _,O,
ZntOH)2. Cu(OH)z vanadates

homogeneous heterogeneous I silicates KV 3O,
Ikaolinite. halloysite K1VO14

xtn) HSiO, CaV, OO,. nHO
HSi,1 ,.Oz,5HO NaUO2V3O.1'nHO

miscellaneous niobates
Ni(CN) 2  KNb 6 ,O-
VOSO4 . VOPO4  KNb 301

ceramic or cermet WOC12  miscellaneous
Na 2W.O 13Fig. S Two preparation routes used in making ceramic-metal nano- Na2UO-

composites. Method tal. solution mixing of all components simul- MgN.M2O-
taneously. Method Ib) uses a pre-made sol to which a further solution hydrotalcites
is added before gelation. Reprinted by permission from ref. 3
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aration of nanocomposites. Although there are numerous 100
layered crystals. only a few. such as clays and graphite. have
been extensively studied as intercalation compounds. There M
is a large amount of literature on the graphite intercalation 1 80- (d)(d)

compounds5- and this subject will not be covered here. The
main intercalation-type composites which will be described (a)(a)
in detail are tal pillared clays: ib) metal-intercalated clays. (c60)-
and. Iic clay -organic composites. (

2.2.1 Pillared Cla is
Swelling clay minerals such as montmorillonite. hectorite. N

saponite. nontronite and biedellite of the smectite family can
be pillared in the interlayers by exchanging their interlayer • 20
cations with polymeric hydroxy cations followed by dehy- C

dration. which leads to ceramic oxide pillars IFig. 61. The
silicate layers are permanently propped apart by the oxide _ _I_ _ _ _

pillars and zeolitic micropores are formed between the silicate 0 0.2 0.4 0.6 0.8 1
layers. Pillared clays are the perfect example of a nanocom- relative pressure (p .po)
posite because the clay layer is ca. I nm and the oxide pillars Fig. 7 Water adsorption isotherms of different smectites with alumina
are ca. 1-2 nm. Vaughan et al."' were the first to synthesize pillars (ai nontronite treated with NH3 and exchanged %ith Ca i -.
pillared clays with alumina and subsequently, several other 0b) original pillared nontronite. (cl origina' pillared saponite.
oxides such as ZrO2 , Cr,0 3. TiO 2, FeO3, 'Bi2O 3 etc.s 2-s' (d) original pillared montmorillonite ikunimri.€e. le) original pillared
and mixed oxides such as A10 3-SiOl, SiO 2-TiO 2 and SiOz- hectorite (hectabrite AWl. and i1) ideal i~jtherm shape for use in
Fe2O31-5 °0 have been introduced as pillars between the clay dehumidification and cooling equipment"
layers. Pillared clays are versatile micropor'ius materials
because the dimensions and the surface characteristics of the Table 3 Precursor cations used in pillaring the cla. and the resulting
micropores can be designed by changing the size and composi- basal spacings63

tion of the pillaring species. In addition, they have high surface
areas and high thermal stabilities. Therefore, these have pillar oxide
potential applications as catalysts, catalyst substrates, selective AI203 [AI•304OHl2I - 17-19
adsorbents6°-66 and desiccants.6 '-69 We have determined the ZrO2  [ZR,0OH,,1 ] - 17-:0
water adsorption and desorption isotherms of several pillared Fe2O3  [Fe3OIOCOCH 3)6I- 1-7

clays for determining their suitability as desiccants for gas- Cr20 3  [CrdOHI,]"-'- 21-17
fired cooling and dehumidification equipment. Fig. 7 shows Bi201 [BidOH),2]6- 16Ai,0 ,-SiO , (Al, 3OJO H l2,, -_.] (OSi(OHl3J]• 7

the adsorption isotherms of several pillared clays and the data TiO, S ol solution 24'-27
show that these can serve as good desiccants.6" Although SiO,-TiO2  sol solution 40-50
there is a great deal of research on the pillared clays, the SiO:-Fe20 3  sol solution 40-100
pore-size distribution is not well understood. One can estimate
the pillar sizes from the basal spacings (Table 3) by subtracting
9.6 A for the thickness of the clay layer but the size of the materials and this information will be useful in the future
pores along the a-b directions is mostly unknown. It is design of chemical sensors from these nanocomposites.
imperative that more research is needed to determine the pore In addition to the above cationic clays, anionic clays
sizes of these samples before they can find wide-ranging of the hydrotalcite group, (Mg 2Al(OH)I] C1-.xH.O.
applications. The pore size along the a-b directions is expected [AI2Li(OH)6] CI --xH2O are potential layered compounds
to depend upon the charge density, the uniformity of charge which can be utilized in the making of porous nanocomposites.
distribution, the size and type of polymeric cations used, etc. The anionic species in the interlayers can be exchanged with
The pore structures are usually characterized by nitrogen or bulkier inorganic or organic anions.70-'s Hydrotalcite group
water adsorption measurements. Techniques such as neutron of materials containing Cl-. NOR. SO, - or CrO' - have
and X-ray scattering and nuclear magnetic resonance may interlayer spacings in the range of 3.0-4.0 A.-"` Substitution
help unravel the pore structure of these nanocomposite porous of CO3- gives the smallest interlayer spacing. i.e. 2.8 A.

sieale layer

S.4.

ilsicate layer

Fig,6 Schematic illustration of the pillaring process in bidimensional clay: lal ion exchange with precursor cations and IbI conversion to oxide
by calcination. Reprinted by permission of the American Ceramic Society 1Design and Synthesis of Functional Layered Nanocomposies.

S. Yamanaka, .4m. Ceram. Soc. Bull. 1991. 70. 1056)
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whereas substitution with FeiCNt - or FetCN) - gives a Several naturally occurring clay minerals such as montmor-
spacing of 6.1 A."4 An interlayer spacing of 8.1 A was obtained illonite. kaolinite. pyrophyllite and illite have been studied as
by the intercalation of naphthol yellow S2 - in hydrotalcite."8 raw materials in the synthesis of non-ouide ceramic mate-
Thus. one can design porous nanocomposites for potential rials" 3-` but montmorillonite-polyacrylonitrile complex was
applications as adsorbents. For example. a CoiCNi' -- found to be the best because of the intimate mixing. An alum-
exchanged sample shows-' the following order of adsorption ina pillared clay has been found to be a suitable precursor to
for several hydrocarbons: hexane - 2-methylpentane >> mix with carbon in the synthesis of fi-sialon by carbothermal
cyclohexane> methylcyclohexane. In addition to the pore size. reduction.'- Sugahara et al.." used a magadiite
the surface properties can be modified through numerous sub- INaSi|,O,,OnHO)-C,,H,.N(CH 3l} nanocomposite and a
stitutions. '--' Because these materials are not stable above physical mixture of magadiite with carbon in their carbother-
ca. 300 C. all the applications are restricted to temperatures Mal reduction reactions and found that the former yielded fl-
below this. Although the anionic species in the interlayers of SiC while the latter yielded SiO,. Thus the reaction process in
these nanocomposites are not dehydrated. unlike pillared the nanocomposite is quite different because of the intimate
clays, because of their poor thermal stability, it should not be mixing achieved on a nanoscale.
impossible to create pillared anionic clays with low- Clay-organic nanocomposites have also been proposed as
temperature dehydration of the anionic species through future low relative permittivity substrates."-"' These nanocom-
molecular engineering. posites consist of a quasi-two-dimensional layered structure

Ifluorohectorite or other swelling clayl and an organic com-
2.2.2 Metal-intercalated Cla vs pound such as polyaniline. n-C(,HsNH, intercalated between
Expandable layer silicates such as montmorillonite can be con- the layers by ion exchange. The ceramic iclay) layer imparts
verted to efficient heterogeneous catalysts by introducing cata- good mechanical and thermal stabilities while the organic
lytically active sites or guest species between the layers or on compound gives low relative permittivity and good pro-
the external surfaces. Previous attempts to produce interca- cessability to the nanocomposite material. The present dis-
lated zero-valent transition-metal particles in layer silicates, advantage with these nanocomposites is that they are
by hydrogen reduction for example. have. however, failed: the hydrophilic. i.e. they adsorb water, which can increase the
layers tend to collapse. sometimes followed by deposition of relative permittivity. To alleviate this problem, future work
metal particles on the external surfaces. Recently Malla needs to deal with the incorporation of hydrophobic polymers
et al., 9"8 have described the successful intercalation of copper in the interlayers. With other applications in mind, clay-
metal clusters of 4-5 A in montmorillonite by in situ reduction organic nanocomposites having hydrophobic characteristics
of Cu-'- ions using ethylene glycol. These metal-cluster have already been prepared by exchanging aminosilane or
intercalates were stable up to at least 500 ;C. The clusters prop organic chrome complex for Li- or Na- from swollen clay
the silicate layers apart, much as metal oxides do in pillared gels."' These nanocomposite gels can be processed to form
clays, and may thus be able to introduce unique catalytic prod- paper, board, film. fibre and coatings and the dried gel powders
uct selectivity through a molecular sieving effect similar to that can be hot-pressed to give a body of crosslinked organic polyc-
in cluster-loaded zeolites. As metal clusters of these dimensions ation-mica derivatives.
behave very differently from the bulk metal, intercalates of this Intercalation of electroactive polymers such as polyaniline
sort may prove to be versatile catalysts. and polypyrrole in mica-type layered silicates leads to metal-

insulator nanocomposites. 9"8 " The conductivity of these
2.2.3 Cly i nanocomposites in the form of films is highly anisotropic with

.,3Cla y-Orgac Nanocomposites the in-plane conductivity 103- 105 times higher than the con-
These are often referred to as clay-organic complexes and ductivity in the direction perpendicular to the film. Conductive
have been around since at least biblical times.8' During this polymer-oxide bronze nanocomposites have been prepared
period, clays have been used to decolourize edible oils and by intercalating polythiophene in V205 layered phase which
clarify alcoholic beverages utilizing clay-organic reaction or is analogous to clays. "1 Studies of these composites are
complexation.'" The interaction of clays with organic species expected not only to provide fundamental understanding of
has been implicated in the origin of life."' The structure of the conduction mechanism in the polymers but also to lead to
swelling clays, especially of the smectite group is amenable to diverse electrical and optical properties.
forming clay-organic nanocomposites because of the weak Intercalation of ethylenediamine functionalized buckminis-
bonding (van der Waals and electrostatic) between the layers. terfullerene in fluorohectorite clay has been achieved'"" and
The clay-organic intercalation compounds can be grouped these nanocomposites may lead to microporcus materials
into two main types: (a) those that are formed by ion exchange analogous to pillared clays upon the elimination of the ligands
of interlayer exchangeable cations, and (b) those that are by suitable heat treatment in oxygen. A new microporous
formed by adsorption of polar organic molecules. Clay- tubular silicate-layered silicate (TSLS) nanocomposite has
organic complexes have been utilized in the past for surface- been synthesized by selective hydrolysis of -.-aminopropyl
area measurements, layer-charge determination, soil stabiliz- triethoxysilane from the external surfaces of imogolite, which
ation, etc. Recently, clay-organic nanocomposites have been led to its intercalation into layered silicate.' 0° The N adsorp-
proposed for several new applications in the materials field. tion and r-plot analysis of this porous nanocomposite showed
Because of the nanoscale mixing of inorganic and organic a bimodal pore structure which is attributed to intratube and
components in the clay-organic nanocomposites, they can be intertube adsorption environments.'03  The TSLS nano-
utilized as precursors in the preparation of structural non- composite has been found to be active for the acid-catalysed
oxide ceramic materials such as SiN,, SiC, AIN. Sialon. dealkylation of cumene at 350 -C, but this composite has been
etc. 3- 9

1 When the clay-organic nanocomposites are heated found to be less reactive than a conventional A1,0 3 pillared
in an inert atmosphere, carbothermal reduction reactions take montmorillonite."'0 High-surface-area (ca. 900 m' g- ') micro-
place leading to the formation of non-oxide structural ceramic porous materials have been prepared' 1 ' 0|° by calcining nano-
materials as follows: composites of alkyltrimethylammonium-kanemite

3SiO2 +6C+2N2-.Si3 N.++6CO 1) (NaHSi2Os3HO). the latter being a layered polysilicate.
During the organic intercalation, the SiOG layers in the

SiO2 + 3C-SiC+ 2C0 (21 complexes condense to form three-dimensional SiOz networks.
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The calcined products of the complexes have micropores in other than catalysis because of the great potential for nano-
the range 2-4 nm IFig. 81 and such materials are expected to designing.
find applications in catalysis.

Clay-fluorescence dye nanocomposites have been prepared 2.3.2 Zeolite-Oroganc Nanocomposites
by ion exchange and the fluorescence properties of different There has not been a great deal of work utilizing the zeolite-
dyes. as affected by the inorganic crystal field of the clay. have organic nanocomposites directly in materials applications.
been investigated extensively.'-.'l° Such confinement can Recently, pyridine ICs H,,N) incorporated ZSM-39 and
lead not only to high thermal stability but also to higher lumi- Dodecasil-3C zeolites have been synthesized"-' and these
nescence efficienco. "o110 nanocomposites show an optical memory effect and interesting

domain structure. The ability to rotate polar groups within
2.3 l;Entqlnnt-type ,'Nanoconllites unusual symmetries gives rise to field response in the molecu-

lar nanocomposite properties.-'! Future work in this area
The entrapment-type nanocomposites can be prepared from needs to emphasize the growth of large single crystals of zeo-
zeolites and are of two types: (I) zeolite-inorganic. and lites with organic molecules incorporated in them for optical
(2) zeolite-organic. Zeolite crystals are three-dimensionally and other applications.
linked network structures of aluminosilicate. aluminophosph-
ate IALPO) and silicoaluminophosphate (SAPO) composition 2.4 g t mik Nalucompstes
and are porous. the pores being in the range 2.8-10 A. Many
of the highly siliceous. ALPO and SAPO zeolites have been Newnham and co-workers have developed a large family of
synthesized using organic templates such as tetrapropyl- microcomposite materials with properties superior to those
ammonium. tetramethylammonium, di-n-propylamine. obtainable from single phases for use as electrochemical trans-
etc."" ii After the synthesis. the organics are removed by ducers, PTC and NTC thermistors. piezoresistors, and chemi-
different techniques, the main one being combustion, to get cal sensors during the past decade and recently they have
access to all the pore space. turned their attention to nanocomposites for electronic appli-

cations." 2 2 ' Recent advances in both information and
2.3.1. Zeolite-Inorganic Nanocomposites charge storage in the electronics industry may be attributed
Fine metal clusters supported in zeolites are a good example to electroceramic nanocomposites and especially these that
of this type of nanocomposite and they possess unique cata- are based on ferroic materials because both the presence of
lytic properties, molecular selectivity and polyfunctional domain walls and the ferroic transition are affected by the
activity.' `- " A large volume of literature exists on the prep- crystallite size. The size dependence of ferroic properties is
aration and the catalytic properties of metal clusters or aggre- shown in Fig. 9.122 Multidomain effects accompanied by hys-
gates dispersed in zeolites.i i6.ii7 Various methods, such as teresis take place in large crystallites. Reductions in size (Fig. 91
ion-exchange, evaporation, irradiation, thermal decompo- led to single domain particles, and yet smaller sizes to destabil-
sition. particle-beam method, impregnation, adsorption or ized ferroics with large property ceefficients. and finally, to
deposition and coprecipitation, have been used to introduce normal behaviour as the particle size approaches the nano or
metal ions or complexes which are then reduced to zerovalent atomic scale.tZZ Because of the nanoscale. there are different
metal forms by molecular or atomic hydrogen, ammonia, quantum effects leading to variation of energy states and elec-
metal vapours and various organic compounds. We have tronic structure of their components. Other basic features of
recently used11" a new approach. i.e. polyol process to entrap these nanocomposites are the remarkable modification of the
Ni and Cu metal clusters in zeolites. The interface chemistry electronic structure by widespread interface interaction at the
associated with nanophase confinement and packaging and electronic level and the great variety of nanostructures ranging
some features of three-dimensional surface confinement using from high-level ordered three-dimensional periodic structures
zeolites and molecular sieves has recently been reviewed,"t 9  to stoichiometrically dispersed medium of nano-particles."'
and silver sodalites have been touted as novel optically respon- Electroceramic nanocomposites can be further classified into
sive nanocomposites.' 0 Future studies may exploit the zeo- (a) magnetic (b) ferroelectric and (cJ superconducting, ferroelec-
lite-inorganic nanocomposites for materials applications tric. (d) dielectric and (e) conducting, semiconducting and insu-

lating types of materials. Two excellent reviews have been
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cined product obtained from trimethylsilylated derivative. Reprinted Filg. 9 Changes in the domain configurations of ferroics as a function
by permission from ref. 10 of size. Reprinted by permission from ref 122
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published on magnetic. ferroelectric and ferroelastic nanocom- promising for use as novel, lattice-matched. epitaxial ferroelec-
posites-'2' ' and the readers are advised to refer to these for tric film electrode heterostructures in non-volatile memor.
more details. applications.

Among the electroceramic nanocomposites. the magnetic
nanocomposites consisting of small particles or ultrathin films 2.4.3 Dielectric .Vanocomposites
have been investigated extensively. The use of nanoparticles in There is a need for substrates with very low relative permit-
magnetic recording media can lead to smaller storage units tivitv 1<3) in %ery-large-scale integration 1VLSII devices so
where the information is stored at a higher densit..'2-" Nano- that acceptable limits of cross-talk. signal-line impedance and
particles are also used in ferrofluids where the size of the crys- transmission delay are maintained."' Ceramic-polymer
tallites is small enough to prevent settling in the fluid. nanocomposites using fumed silica and pohdimethN.lsiloane
Ferrofluids can be construed as solid-fluid nanocomposites have been fabricated to achieve low relative permittivit% sub-
and they have applications in non-contaminating seals. loud- strates."•' Clay-organic nanocomposites are also proposed as
speakers. ink-jet printers, levitation systems for separating low-permittivity substrates Isee above). Future studies in this
materials of different density, vibration dampers. engines for area can try to take advantage of highly microporous. h%dro-
converting low-grade heat to usable energy and devices to phobic zeolites mixed in an organic or inorganic matrix to
measure very small inclination angles. 1 -12- -3-s A novel fabri- achieve very-low-permittivity substrates for electronic
cation of a Co-Cr nanocomposite by r.f. sputtering has led to packaging.
very-high storage density with the perpendicular recording
technique.' ' '30 Another innovative example is the processing 2.4.4 Conducting-Semicondu,'ring- Insulating Naot,,mpaitfe
of a 1-3 nanocomposite for uniform, high-density magnetic Nanocomposites in the form of superlattice structures have
components."' I in this work. an aluminium alloy substrate is been fabricated with metallic.` semiconductor."" and cer-
first oxidized to achieve a regular network of honeycomb cells amic"" materials for semiconductor-based deices."' The
on the surface. The columnar pores which are formed during material is abruptly modulated with respect to composition
the oxidation are etched and then back-filled with iron to and or structure. Semiconductor superlattice devices are usu-
create a high density of magnetic elements with practical ally multiple quantum structures. in which nanometre-scale
values for the coercive force. 12

2.--5 layers of a lower bandgap material such as GaAs are sand-
wiched between layers of a larger bandgap material 'such as

2.4.1 Ferroelectric Nanocomposites GaAIAs."' Quantum effects such as enhanced carrier mobilitv
These nanocomposites have not yet been explored to a signifi- (two-dimensional electron gasi and bound states in the optical
cant extent because research is concentrated on microcompos- absorption spectrum. and non-linear optical effects. such as
ites, which have been found to be extremely useful as pressure intensity-dependent refractive indices, have been observed in
transducers, vibration dampers and transducers. The need for nanomodulated semiconductor multiple quantum %ells."
optical transparency or low driving voltages may lead to the Examples of devices based on these structures include fast
development of ferroelectric nanocomposires in the future.' optical switches, high-clectron-mobility transistors, and quan-
A solid 0-3 ferroelectric nanocomposite has been prepared tum-well lasers.'" Room-temperature electrochemical depos-
recently using ultrafine (ca. 20 nm) PbTiO 3 powders dispersed ition of nanomodulated (5-10 nm) ceramic superlattice thin
in a polymeric matrix. This type of composite may be useful films of TI.PbbO, Tl,,Pb.Of has been reported recently."" The
in optical applications. Single-phase relaxor ferroelectrics exhi- electrochemical method offers several advantages over vapour
bit compositional and order-disorder inhomogeneities on a deposition methods such as molecular-beam epitax. for
nanometre scale."' -6 These single phases on a macroscopic depositing nanomodulated materials with nearly square-wave
scale can be construed as "nanocomposites" if the definition of modulation of composition and structure, because the low
the nanocomposite term can be extended to include materials processing temperatures minimize interdiffusion.i" These
which show inhomogeneities in structure, composition or structures are hoped to show quantum electronic, optical or
properties on a nanoscale. For example, the A(B1 ,, B7Z )03 optoelectronic effects as the modulation wavelength
and A(B , 3 873)03 perovskites have been found to display approaches the electron mean path."'
microdomains (ca. 2-3 nm in size) of I : 1 ordering on the B Other methods such as sputtering. electrodeposition and
sublattice dispersed in a disordered matrix.'i- 136 Other types chemical techniques""- " have also been used to prepare
of ferroelectric nanocomposites can be prepared by mixing nanocomposites. Nanocomposites of Mo in Al matrix were
two or more nanophases. By mixing nanoparticles of a ferro- prepared by sputtering techniques. Nanoscale particles of Mo
electric in an organic liquid, one can design ferroelectric fluids were first produced by high-pressure sputtering at
which are analogous to ferromagnetic fluids discussed above. > 100 mTorr in a thermal gradient and then they were embed-
A ferromagnetic fluid prepared from ultrafine BaTiO3 par- ded in an Al matrix by normal sputtering."' A new class of
ticles and an organic carrier liquid showed a maximum in the diamond-like nanocomposite materials was synthesized."
dielectric constant at the tetragonal-cubic phase transition of consisting of Si-O and transition-metal networks imbedded
the perovskite phase.1'22'" By dispersing 10nm particles of in a diamond-like C matrix. In metal-containing nanocom-
BaTiO, in a mixture of heptane and oleic acid. Bachman and posites. the conductivity can be varied continuousl over 18
Barner" 86 have shown that the nanoparticles show permanent orders of magnitude by varying the concentration of metal
polar moments. These types of ferroelectric fluids may be use- atoms. Conductivities as high as 104 Scm -' have been
ful as an alternative to liquid crystals in display panels. t"' achieved with W-containing films."" Clusters of metallic silver
Future research in the ferroelectric nanocomposites may lead have been formed by electrodeposition within the surface of
to applications in optical devices, an oxide glass which was subjected to a silver-ion exchange

process. 'S° The clusters have a fractal structure and the fractal
2.4.2 Superconducting Ferroelectric Nanocomposites growth within the glass results in the formation of a glass-
Thin-film heterostructures of Bi.TiO 1, Bi2SrCuO0 ., have metal nanocomposite with particle diameter of ca. 12 nm. A
been grown on single crystals of SrTiO. LaAIO and new approach in nanocomposite synthesis has been developed
MgA1,0 4 by pulsed-laser deposition."' These films have been and it involves rapid condensation of metallic and non-
found to be ferroelectric and the thickness of the layers can be metallic species produced by laser-induced reactions."' These
in the nanometre range if so desired. These thin films look composite surface layers form by codeposition of fine amorph-
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ous silica fibres of 25-120 nm diameter and a metal matrix composites is shown in Fig. I1. Niihara and co-workers suc-
where the fibres exist in the form of a random-weave structure. ceeded in prepanng numerous ceramic nanocomposites such
A chemical technique has been used to produce metal-poly- as A1,0 3 SiC. AlO 3 Si3 N.4. AI,0 3 TiC. mullite SiC. BC SiC.
mer nanocomposites.-' In this method. polyv(inylpyridine)s BC TiB,. SiC amorphous SiC. SiON. SiC and others. Table 4
were heated with copper formate in MeOH to 125 C and the shows the significant improvements in mechanical properties
resulting thermal decomposition of the complex initiated a which can be achieved by the nanocomposite route for tarious
redo% reaction which reduced the Cu2 - to Cu metal and oxid- compositional systems.' 3 The improvement in mechanical
ized the formate to CO: and H.. leading to solid Cu-polymer properties is attributed to the nano-size dispersions.'' 3

nanocomposites containing up to 23 wt.0o Cu. A review article Niihara and Nakahiral'' have also made hybrid composites
by Hirai and Sasaki"' deals with the in situ preparation with nanocomposites and microcomposites and found signifi-
methods such as chemical vapour deposition for different cant improvements in not only toughness but also strength.
nanocomposites. Low-temperature methods have been used to fabricate

ceramic nanocomposites. in addition to the above solid-state
method. A gel-based method has been used to prepare

2.5 Slmctural Ceramic NawCOmposites SiC AI.0 3 nanocomposites. which also exhibited enhanced
Glass ceramics. which are well known materials constitute a mechanical properties,"' A novel epitaxial growth of nickeltm
type of ceramic nanocomposite with nanocrystals being hydroxide on layer silicate followed by sintering led to metal -
embedded in the glassy phase. These will not be treated here. ceramic nanocomposites."' A proprietary. apparentl. loo-
However. one recent breakthrough in glass ceramics is worth temperature process. has been used to produce synthetic opal
mentioning. 5"' Albite glass. which has been thought to be which is a nanocomposite of amorphous silica and crystalline
impossible to crystallize, has been crystallized by seeding both zirconia. Iso The synthetic opal invented by Gilson. is commer-
gels and glasses with fine albite seeds. i.e. the nanocomposite cially available from Nakazumi Chemicals."' Unlike natural
approach.' Recently. Niihara and his colleagues"'-'"' opal. synthetic opal revealed the presence of separate crystal-
developed ceramic nanocomposites from oxide-non-oxide line ZrO2 balls that were nearly spherical and ranged in diam-
and non-oxide-non-oxide mixtures and they have classified eter 7-50 nm among the 200 nm non-crystalline SiO, balls.
these into four categories: fa) intragranular. (b) intergranular. The ZrO2 balls were arranged in basically two patterns: hexag-
(ci both intra- and inter-granular and (dl nanonanocom- onal rings and nearly square grids [Fig. 121aUb)]. This nano-
posites (Fig. 10). In the intra. and inter-granular nanocom- composite also showed significantly higher fracture toughness
posites. the nano-size particles are dispersed mainly within the compared to the monophasic i,,',aral opal. " The above stud-
matrix grains or at the grain boundaries of the matrix, respect- ies demonstrate that the nanocomposites are clearly superior
ively (Fig. 101. The intragranular and intergranular nanocom- to the monophasic or microcomposite alternatives in ceramic
posites or their combination showed tremendous improvement processing.
in mechanical properties such as hardness, strength and creep
and fatigue fracture resistances even at high temperatures com- 3. Summary and Coucim
pared to those of monophasic and microcomposites. The
nano nanocomposites were found to offer advantages in The nanocomposite approach in sol-gel, catalytic. optical.
machinability and superplasticity.'"' Ceramic nanocom- sensor, electroceramic and structural ceramic materials is now
posites can be fabricated by chemical vapour depos- well established. Sol-gel nanocomposites have been shown to
ition,."' -"" pressureless sintering. HiPing and hot lower crystallization temperatures and enhance densification
pressing.1''1-1" 3 The fabrication process of oxide-based nano- of ceramic materials, in general. Tailoring of nanocomposites

intra-type inter-type ,.o .go
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FIt Schematic illustration of ceramic nanocomposites. Repnnted Fig. I I The fabrication process of nanocomposites. Reprinted b%
by permission from ref. 173 permission from ref. 173
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*Tab*41 Improvement of mechanical properties obscr~ed for the ceramic nanocomposites. i Reprinted bv permission from ref. I 1

composite ststemn toughness MPa mn' 2strength MPa max. operating temperature' C

AIO, -Sic 3.i-4,8 350- 1520 800 -12(X)
Al2,-i3.,;-4.7 350-850 800-1300

MSgO-Sac 1.2-4.5 340-700 6W - 1400)
St~.-i .~ 850 -15 50 1200- 1400

Maximum operating temperature at the high loads.

(a) 89-0446. 1 thank Professor Rustum Roy for his valuable com-
ments on the manuscript.
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SOLUTION-SOL-GEL
TECHNOLOGY AND SCIENCE:
PAST, PRESENT, AND FUTURE

RUSTUM ROY

INTRODUCTION

My colleague at Penn State, the social historian, Professor Ivan Illich. wrote last
year that "the present is the future of the past," and it is the only future worth
studying and knowable for sure. My curve describing the progress of scientific
knowledge (Fig. 91.1) tells us why we cannot expect to be able to predict what
will be happening in solution-sol-gel (SSG) research with any degree of
assurance for more than a few years. The serendipitous step functions obviously
cannot be predicted. Yet they can have a profound effect on the conduct of
science. Think of the hundreds of ceramists working today on superconductors
and the dozens who have abandoned cold fusion. The difference is obviously not
connected with the intrinsic need to know the answer to a burning scientific
question, nor to the technological pull, nor to the societal need. A $100 million
government program decided the "future" of ceramic superconductor research
activity. Had a S50 million program in cold fusion been started, there would no
doubt be a thousand more scientists doing something or other in cold fusion.
Conferences would proliferate, papers would be written by the hundreds, very
few would ever be read, and even fewer cited. Skc transit gloria scientiae.

CkeWcal Processing of Advanced MateriaLs.
Edited by Larry L Hench and Jon K. West.
ISBN "-471-54201-6 , 1992 John Wiley and Sons. Inc.
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2. Rational.
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Figpre 91.1. New materials synthesis often consists of two steps: (1) A chance observation by jn
experienced observer; (Ia) after a postdiscovery frenetic phase, there is 12) the rational "engineering"
optimization phase. The advances in desired property achieved by phase 2 are often as large as the
advance in phase [1].

I begin with this particular observation because I believe the future may hold
a very different method of funding science from the past. The fact is that
somewhere between 50 and 90% of the research on sol-gel science would
probably not have been done except that the money was there. The self-test is
simple. If you had been given the same amount of money before you ever started
SSG research and told to do whatever you please, would you have started in
SSG? The future may hold a time when we will see a higher percentage of idea-
pulled science by the relatively small number of those who have such ideas. The:
future will also no doubt hold more technological target-driven science, in which
the optimization and detailed backup are studied and done in areas where therc
is a national need (Fig. 91.1).

Figures 91.2 and 91.3 provide a different approach to predicting the future.
The two figures plot the numberst of papers listed in Chemical Abstracts as a
function of time under two sets of key words: quaskcrystals and sot-gel. In spite
of the rosy rhetoric with which Nature's editor announced the first papers on
quasicrystals, no technological value whatsoever has been found for this
curiosity-as expected, as I pointed out at that time, Yet the numbers of papers
skyrocketed for 2-3 years but now have peaked and have started to decline. One
can predict that the numbers will trail off soon roughly symmetrically. The SSG
processing led to many valuable products: window coatings, nuclear fuel pclkltl,
ceramic fibers, abrasive grains, and so on, before the steep rise in papers, indeed
15-30 years ago. During that period the numbers of papers on SSG were very

tl am fully aware of the limitations of these crude measures due to the key words chosen, or nt,. i
the title. Indeed my original first SSG review. J. Am. Ceram. Soc. (1956X which is the lirst atation
classic in all ofceramia and the first in that Journal, would not have been piced up by Ihl wAtO.
The data, however, are quite appropriate for the present purposes.
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modest. Indeed I recall that after 1948 when we presented papers on -solution-
ceramics" and sol-gel preparation of ceramic powders and glasses, virtually no
other groups worked in the field for 10-15 years. The recent activity in SSG has
paralleled the development of some rather modest new technologies such as
silica optics, transparent aerogels, and so on. But these will not likely be
justification enough to sustain a continued large basic science effort much
longer. The past history of SSG itself compared to the recent history of other
processing discoveries such as Lanxide's directed oxidation process prove that
technological opportunity is not what drives academic and government
scientific research. In the latter field of the most innovative high-tech structural
composites one corporation has filed over 2500 patents in 5 years (over 500 have
issued, 100 in the United States), announcing its results in dozens of papers, and
new products appear regularly. Yet less than 5 papers appear to have been
written by scientists outside the company in 5 years. Comparisons of the
superconductors, diamond films, and Lanxide inventions have been presented
elsewhere (2]. So much for innovation driving scientists.

WHAT THE PAST CAN TEACH US

In spite of my theory that step function advances in the discovery of new
materials happen largely by chance events, we also recognize that in rew
processes, the innovation is done quite deliberately. Examples abound in
ceramics research: Glass-ceramics at Corning, although advanced by the double
accident in Stookey's laboratoryt, was very much a targeted effort. So also was
float glass at Pilkington. Likewise, in July 1948, 1 was very clearly focused on
making homogeneous reactive ceramic powders and homogeneous glasses
starting with all the components in solution. The use of organic precursors-
some of which I had to make-was simply the only way to mix all components
in solution. Compositionally we started with simple systems: A12 0 3 , Ga2 0 3,

and A120 3-SiO 2 (and are still doing work in this system), but in the next 5 years
we moved in the direction of making homogeneous gels of four- and five.
component systems and involving a very wide range of oxides. The titanates and
niobates did not present difficulties, but the alkali ions did. Gels corresponding
to synthetic micas and beidellite-clays such as KNi3 GaSi 3O1 o(OH)2 or
Na Al2 AlSi4 _.,O1o(OH)z nH 20 pose a real challenge for retaining
homogeneity on a nanoscale. The solutions we arrived at in those early days
were effective, albeit primitive, but they were adequate for the task.

The future of SSG in general will, I am sure, as it has already started to do in
the superconductors and ferroelectrics, move in the direction of dealing with
complexification toward multicomponent systems. Whenever the gels are
heated to temperatures greater than % 1000'C, it has not been established that
greater sophistication in processing at the precursor level offers much benefit.

MThe furnace controller malfunctioned, but the Stan body did not melt. Then on pulling the sample
out it dropped on the floor and did not break--indicating its remarkable strength.
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THE PRESENT

The fine review article by Don Ulrich is really an admirable snapshot [3], while
the Brinker and Scherer book Sol-Gel Science is a veritable album [4] of the
present (1990) state of play. [ admire it for its scope and thoroughness especially
with reference to the science of SSG. Perhaps the state of play in the present
overall SSG research is most evident in the book in the ratio of pages devoted to
"science" (835 pages) and its "applications" (31 pages). Moreover, what is most
significant is that a closer examination of the application chapter shows that in
most cases the application had preceded the science and that hardly any
connections could be made, even retrospectively, between the two. In other
words. the two-tree theory of S&T (Shapley and Roy [5]) is alive and well in
SSG. We have two independently developing fields: SSG technology and SSG
science. The former will no doubt use bits and pieces of the enormous body of
science that had been generated and are available to all, but they are probably of
marginal significance to technological advances on the horizon or further in the
future.

However, in order to be able usefully to extrapolate into the future, one needs
to examine the early hints in the present and to make a judgment as to which will
produce significant science or technology. I have selected a few areas of research
I believe will yield significant new technology and derivatively new science.

Maximum Heterogeneity via SSG: Nanocomposites

In 1982-1983 1 presented four papers [6-9] outlining the rationale behind my
reversal of the original and still universal goal of SSG processing-making
homogeneous ceramics. I do not believe that the significance of the idea of
maximizing heterogeneity has been understood or appreciated by many in the
community. First, of course, SSG is valuable in attaining this goal because as we
are dealing with charged colloids it becomes possible to mix very easily and
efficiently two sols, so that one gets nominally perfect mixing of two different
phases in the Gibbsian meaning- hence "diphasic gels of maximum heterogene-
ity." Moreover as Fig. 91.4 shows, one can have heterogeneity of structure and of
composition or of both.

These di-, or more generally, multiphasic gels are really a whole new class of
materials of controllable reactivity. We have demonstrated beyond any doubt the
following remarkable properties of these materials and in some cases of these
materials alone.

I. The phase to be formed by heat treatment can be completely controlled by
the use of the proper second phase. Vilmin, Komarneni, and Roy [10]
could form either huttonite or thorite (10% less dense) from ThSiO 4 just by
changing 1% of the second phase (example of Fig. 91.4c).

2. Reaction temperatures can be lowered by as much as 250-350WC due to
the compositional heterogeneity (Fig. 91oAb) or solid-state epitaxy (Fig.
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Fig•ue 91.4 Different types of maximum heterogeneity accessed via SSG.

91.4c) due to structural heterogeneity. Thus we showed that mullite and
later cordierite could be formed at the lowest temperatures and greatest
speeds by using the heterogeneity strategy. This is hardly an academic
exercise, although we have again found very few science papers on
compositional heterogeneity. Yet the Chichibu Cement Company in Japan
is making compositionally diphasic mullite powders for the ceramic
industry in the amounts of some 6 tons/month. Crystallographic seeding
of gels (structural heterogeneity), which we had used with very mixed
success at low temperatures in the early 1950s, has caught on in industry
and to some extent in academia [I 1-13].

3. Proper use of heterogeneity as in Fig. 91.4d can also be used to control the
morphology of crystals.

4. Properties of nanocomposites can be created outside the range of
properties of the end members.

Thus my first generalization for the near-term future is that the exploitation
of gel-derived nanocomposites is likely to increase substantially. Moreover, it is
very likely that the applications for such SSG-derived nanocomposites are much
more likely to be in magnetic, optical, or "chemical," not "structural" appli-
cations. Thus Komarneni et al. C15] have created new nanocomposite desiccants
with optimized thermodynamic efficiency.

(Epitaxial) Thin Films for Electroceramics

As a direct consequence of Fig. 91.4c it has become possible to grow highly
oriented (nearly single-crystal) films of a wide variety of electroceramic com-
positions including the ferroelectrics and superconductors (e.g., at the University
of Illinois, Westinghouse, and Penn State). In a review by Roy, Etzold. and
Cuomo (14] these SSG-derived crystalline films have been compared with films
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made by CVD. PVD, and laser ablation techniques and found to be equal or
superior to the others. This is an area that is certain to be studied more
extensively in the near future.

Microwave Processing of Ceramics

When Yang, Komarneni, and Roy [16] discovered the anomalous heating and
melting of ordinary white ceramics in a home microwave oven, it was in a gel, as
was also true of the Oak Ridge work on U0 2 [17]. Microwave processing of
ceramics in general appears to be on a fast track. However, the role of the gel as
a key element, especially in ceramic joining and welding (16), is not fully
appreciated. Varadan (17) analyzed the absorption process and attributed the
intense absorption to the size and concentration of the phase discontinuities
inherent in the gel structure.

Complexification of Compositions:
Addition of Organics in Final Products

It was noted above that inevitably there will be a drift away from the
simplification of A12O3 and SiO 2, and there will be extensive exploration of
more complex inorganic compositions.

In the next phase one can also expect that useful organic-inorganic hybrid
materials will be created. Hints of this appear in the work of Shimada [1 8] who
encapsulated luminescent materials such as rhodamine B in clays and showed
an order-of-magnitude increase in the luminescence under ultraviolet stimula-
tion and an increase in thermal stability.

Crystal Growth in Gels is Not Biomnimesis

For nearly 100 years the phenomenon of precipitation of inorganic phases in
organic (and inorganic) gels has been studied intensively. The Liesegang
phenomenon of rhythmic precipitation has not yet been explained fully even in
the post-Prigogine era. In the 1950s and 1960s we had an extensive research
program in the field, and much of the results were summarized by Henisch [19]
and McCauley and Roy [20]. Much later, Hoffman, Roy, and Roy [21] applied
these principles to create one set of nanocomposites precipitating extremely
small (- I-nm) size crystals of BaSO,, CrPO,, AgCI, and Cds. in SiO 2 gels. It is
an example of totally unscientific exaggeration to claim that the identical
process applied to the precipitation of CdS in an organic gel [22,23] (without
any reference to the extensive earlier work of crystal growth in gels) is in some
unspecified way connected to biomimesis, to which we now turn. I do not see
much crystal growth in gels in the future.
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"Biomimesis" (or Just Plain Hype-Mimesis)

Materials scientists have recently been subjected to a new onslaught of media
stories and symposia on what I will call "biomimetic synthesis." This term and
others used to cover this amorphous field trade on the vague idea that one can
use either biological processes or biological structures as patterns for the
creation of new families of materials. Unfortunately agencies and managers even
a little distance removed from the field get caught up in the "excitement" of the
supposedly new concept: imitate nature and life and create startling new
materials. The idea unfortunately is neither new nor, so far, successful.

The idea is at least 20 years old, and its great future may be largely behind us.
Indeed, the study of natural "hard tissue" in animals can hardly be new. After all,
human bones and teeth are of major interest to us all, and the detailed chemistry,
macrostructure, and microstructure of all such animal tissues have been studied
so as to produce volumes, that fill shelves. In the technological world it has
proved much easier to use substitutes for human hard tissue than to mimic them.
The real biomaterials range from gold and sapphire in teeth to titanium and
glassy carbon in bone prostheses. Here one mimics only the shape nature gave
us. The interesting detailed structure of, say, tooth enamel, with its very slender
fibrils of hydroxyapatite embedded in collagen, has been known for decades but
has not led us to any insights on mimicking the process of growing teeth in vivo
or in vitro-that would indeed be biomimesis. In fact, the process leading to egg
shells probably is better understood than any other.

Our own work in the area of biomimetic materials was first reported in 1969.
We were trying to understand a much stronger biological hard tissue-sea
urchin spines (see Weber et al. [24,25]). Weber was intrigued by the different
microstructures of sea urchins and corals that although he could not swim, he
scoured the South Sea Islands for different species in his scuba gear at depths up
to 20 m. Out of this came our own successful effort at genuine biomimesis.

Excellent starting points for studying the biological structures and their value
to materials science may be found in the reviews by Currey [26] and Birchall
[27] and Birchall and Thomas [28]. What is to be noted from this work is that
we do know and have known for a long time about the microstructure and
micromechanics of biological materials. Furthermore, even these leaders of the
field have not been able to use either the process or the material as a template to
make any materials. Indeed, Birchall's brilliant analysis of the strength of the
cuttlefish bone has not provided utilizable guidance yet to designers of
structural ceramics. Yet Birchall correctly states that biomineralization has a lot
to teach us in the realm of ideas.

Some 15 years before the major Currey and Birchall reviews, Weber, White,
and Roy (24,25] had found that the microstructure of the hard tissue of different
species of corals, sea urchins, consisted of an intriguing 3: 3 composite structure
(see Newnham (29] for composite terminology) with intergrown polymeric
proteins and CaCO3 either as single-crystal calcite or polycrystalline aragonite.
Moreover, different coral microstructures were very different, and some matched
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human bone rather closely. White, Weber, and White [25] then developed what
was called the "replamine form" process: the dissolution of either the inorganic
or the organic fraction of the 3: 3 composite and replacement with a wide variety
of ceramics. metals, and so on. In a final step of double biomimesis. D. M. Roy
[30] took the mimetic microstructure of Porites coral-aragonite with the
polymer leached out-and imitated the composition of human bone by in situ
hydrothermal transformation of aragonite to hydroxyapatite. This stellar
example (the only one known to us) of a biomimetic material is commercially
manufactured by Interporc International. still based on corals imported from
the South Sea Islands. A nonbiomimetic example of the formation of a
microstructure that resembled that of a mollusc shell appeared unexpectedly
recently [31 ] on the precipitation of vaterite from viscous organic solutions. The
visual observations and SEM photos of the assemblage of CaCO 3 -vaterite
crystals did in fact resemble many natural shells. This obviously had nothing
whatever to do with biomimesis; moreover, we did not feel we had established
even a crystallographic relationship between the hydroxy-ethyl-cellulose and
the CaCO 3, although its concentration clearly affected the morphology.

An Emerging New Material Family: Aerogels

In contrast to some of the sections above in which no real "new material" is
involved stands the recent work on aerogels. Although the discovery goes back
to Kistler in 1931 [32], it was the recent demand for thermal insulation use and
the use of C01-supercritical method (see Tewari (33]) that helped reopen this
field.

Thus, the study of aerogels, in contrast to other subfields of SSG. is likely to
become significant. [Fricke (Chapter 1) has a detailed review in these
proceedings.]

From Future to Present

In summary, in the very near term we shall see a change in the accountability
demanded of publicly funded science. The questions that will be (and, in my
opinion, should have been) asked about sol-gel research should include:

How does this science contribute to the national well-being? (This does not
imply that all such science should directly do so, but it requires that we
think, with data and analysis, about such issues.)

What evidence is there that the author has read the literature?
Can one convince a body of normally skeptical peers that there is a new idea

behind the proposed research?
If the work was totally successful, what would result besides some papers?

In the light of these observations, all SSG researchers should be open to new
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ideas. They should then follow through on these ideas and perhaps a new step
function increase in innovation will occur in SSG.
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# Crystallization of Anorthite-Seeded Albite Glass by Solid-State Epitaxy

4 ~Chunling Liu,* Sridhar Komnarneni.* * and Rustrum Rov*
Materials Research Laboratory. The Penns'.ivania State University. Universitv Park. Pennsyvlania 16802

Stoichiometric albite glass I NaAISi .0,i was seeded with S suggested (hat albite glass is a random network of Si04 a~nd
wt % crystalline anorthite i CaAl.-SiO.J to make aibite glass- Al0, tetrahedra. that crystallization takes place by a surface
ceramics. The epitaxial crystallization of the albite glass to nucleation mechanism, and that the growth rate is decreased b,,
1he glass-ceramics was Investigated by X-ray diffraction increasing albite content.
,XID). scanning electron microscopy 1 SEMi, and energy In the latter stage of formation or a glass-ceramic. epitaxial

iiiersive spectrometry (EDS i. H~igh albite was observed as growth from nucleating agents occurs and is supported by the
the major crystallization product over the temperature fact that the lattice spacing of growing crystals is similar to* that
1Weofg b-l2W~C. No crystalline albite could be crystal- of nucleants.' The first direct proof of epitaxial growth in glass-
;:d from pune albite glas without seeds. Small amounts of ceramics was obtained in a modified Li.0A,,S0 elass
pepheline (NaAISiO4). however, crystallized along with containing P20, nucleating agent.' Since- 1982. this labor-ator%
albite after heat treatments at temperatures lower than has developed a new concept of using solid'-state epitaxý to

~er.The platelike microstructure of albite crystals was make a variety of nanocomposite materials) Ithas been shown
revealed in the seeded glasses. The aibite blades grew epl- that seeding can lower the crystallization temperature. modify
taixially from the anorthite seeds, and the Ca content the microstructure. and enhance densification in gels and

dceedin the direction away from the seeds. The degee glasses."'" The most recent work" in our laboratory succeeded
of crystallization and the grain size were dependent upon in further crystallizing albite glass epitaxially by adding 5 %tl
the heat treatment conditions. By Increasing the particle of very fine albite crystals. wh ile no crystalliine al bi te wkas
,An ofthe seed, the crystallization process was retarded and obtained in unseeded and ZrO:-seeded glasses. This implies
be resultant microstructure was degraded. The seedling that by solid-state epitaxy. many highly stable glasses like

eicywas also lowered by adding _o-lsestruchural hex- albite can be reconsidered as starting materials for glass-ceram-
a mnnlamethltsoak which produced les albite but more ics. This study is a followup of the above investigation and

Iq b Profs.* Crystallmatio. of aibite glass by seeding focuses on the effects of crystalline anorthite on crystallizattion
w~ Swt% nortIeis much greater than with the surface of albite glass. There are at least four reasons for choiosing anor-

macleation which takes place in a homogeneous 95 wt% thite as a seed: (1) anorthite and albite have similar crystalline
alie+ S wt% anerthie glas. structures and they form complete solid solutions in the whole

compositional region at high temperatures. " though subsequent
1. introduction exsolution can occur in the subsolidlus region."

(2) amorphous anorthite crystallizes much faster than albite:

A LOITE glass is extremely difficult to crystallize, and (3) fine anorthite seed can be made more easily -.and14) by
tcompositions which form albite are naturally avoided in using a seed which has a composition different from the matn x.

making glass-ceramics.' Yet the high stability of albite glass the seeding effect can be studied in more detail by EDS . Since
may result from its structure. Because albite glass is a sodium crystallization in albite-anorthite glasses takes place via a sur-
aluminosilicate glass (NaAlSiO0,) with equal content of A1201  face nucleation mechanism." a glass with 95 wt% albite and
anm NaO. the sodium only charge compensates aluminate tet- 5 wt% anorthite (Ab,1Ans) was also studied to distinguish this
rahedra and no nonbridging oxygen exists theoretically. Thus effect from epitaxial growth.
the activation energy for electrical conductivity reaches a mini-

-u and the viscosity a maximum.' Taylor and Brown' found
dom die experimental radial distribution function of NaAISiA0
&las was inconsistent with the foutr-membered rings of werahe-
hra associated with crystalline albite. but was, instead, consis- MM
Wat with interconnected six-membered rings. This structural NA~Odiffetence between glass and crystalline phase helped explain
the slow crystallization kinetics of albite glass. Schairer and
Bowen" could not crystallize albite glass at temperatures 100V
below the melting point, but they obtained I % albite crystals
within a few hours after an -acclimating" treatment involving
cooling, crushing.- and reheatingfor several months. They24
believed that during the acclimation treatment. the glSsm struc-
tWe is more closely related to the smaucutre of crystalline albite. s
U1himamn et at. published several studies-'-- on the viscosity and
crystallization of glasses containing albite and anorthite. They 4

G. H. Beal-contribuhmmg editor O

tMaempe No. 196011 Received February 3. 19"2: approved June 3. 1992.OUESWOTTACK)
W hiby the U.S. Air Forc Office of Scientific Research underGreamt No.

'lme.8A9erica.Cemi Fig. 1. Powder XRD patients of albtte glass seeded with fine, tn-
'Ale. wihth de Depennient of Agroroomy. clinic anorthite And crystallized at 9W0 for various holding times.
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Fig. 2. Quantitative XRD analysis o" albiie s seedes with fine. g%. 4. XRD patterns of albite glass seeded with triclinic anonhite
mclinic anorthite and heated for various times a diffeent tp- seeds of diffeme sizes: (a) coarse and (b) fine. and heat-treated at
lures: (A) 950. and (B) 85MIY. 950C for 8 1.

>325 mesh. The hexagonal anorthite and xerogel were also
UI. Emr mtul Prcedure used directly to study the effect of phase transformation of

The reparation of albite glass was described in our previous seedg on the epitpxial growth.
The seeded powders were prepared b iigtegaspwstudy.' " Ab,5An, glass was prepared by mixing 95 wt% albite The seed s in a r se hruing as

glass and 5 wt* anorthite glass with an agate mortar and pestle. ders with 5 wt% seeds in alcohol for several hours using an
The mixture was melted in a platinum crucible at 1550*C for agate mortar and pestle. The seeded and unseeded glass
12 h followed by quenching into cold water, and the resultant powders were dry-pressed at 5000 kg to form 0.5- and

glass was ground and sieved to obtain 325 mesh. Fine hexa- 0.75-in.-diameter disk samples. To determine the crystalliza-
gonal anorthite seed (<2 Igm) was made hydrothermally by tion behavior, a portion of each sample was ground for X-ray
heating a mixture of I g ofanonhiae glass and 8 mL of wow in diffraction analysis (XRD) and quantitative XRD measure-

a 25-mL Parr bomb (Parr Instrument Co., Moline. IL) a 24ST ment. For quantitative determination, a-Al2O, was used as an
for I day. The hexagonal phase was transformed to the stable internal standard. A 0.4-g sample was mixed with an equal
triclinic phase without significant coarsening by heating at amount of the internal standard mod used to fill a I -cm2 cavity of
850C for I day. The triclaaic powder was then dispersed in a glass slide. A pan of the sintered pellet was polished to 0.5
alcohol under ultrasonic vibration for several hours until an ILun with diamond paste and then etched in 2 vol% hydrofluoric
agglomerate-free suspension was obtained. Coarse triclinic acid pior to SEW usd EDS analyses. In most cases, the sample
anorthite seeds were obtained by a so-gel route as follows: ret- was carbon cated, but gold coating was also used for obtaining
raethyl orthosilicate, aluminum nitrate nonahydrate, and cal- better SEM pares.
cium nitrate (molar ratio 2:2: 1) were mixed completely and
gelled slowly in an oven at 60*C, and then fired at 700C to IM. Rmfts mid Disculdon
form a xerogel. The xerogel was then heated at 1350°C to
achieve the highest crystallization rate' which led to larg crys- (1) Cr€SNti1r1eu Ckm1wawficsda
tals. The crystals were powdered and sieved to <200 mesh but The albite glass mixed with 5 wt% fine. triclinic anorthite

seed and the unseeded albite glass were heated at 850* and
950t for various periods to study the crystallization kinetics.
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F .3. Depee of crisuallization in albise glass samples seeded with
four differem phases as a fucionm of heating temperaure: (a) fine. in. Fig. S. Powder XRD paten of albite glass seeded with a x.[
clinic anothite: (bi anonhut ierogel: c€i fine. hexagonal anorthite: onad anrthite and fb) tine. mclrnic anorthite, and crysudllizedat a-
and) idcarse. trclinic anorthote, for 4 days.
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ft.6. A center crystalline region of albite glass seeded withs hexag- (C)
ad anofthate and partially crystallized at 85•0C for 4 days: (A) SEM
=mgaph and (B) EDS plot.

Figp I shows the powder XRD paterns of the seeded samples
9kr holding for different times at 9500C. The principal crystal- A
line phase in these patterns is albite which may haoe incopo-
fued some Ca from the seed forming an albite-anorthite solid o
olution. The composition of the solid solution, however, could
a be determined by XRD. Small peaks of nepheline began to NG S,
VWe in the diffraction patterns after I to 2 days of heating.
Fgure 2 shows the results of quantitative XRD measurement of ICA
6 amount of crystalline albiw fomed in these seeded samples. - -
The relative intensity was obtained by comparing the integrated 2 3 4

twnity of albite (002) and (040) peaks and that of the ,-AlzO ENERGY, *v

(012) peak. At 850C. albite crystallization started after I day
ad reached a plateau after 2 days. At 950C, the aibite crystal- 7. A crystalline region at die edge of Abi l seeded with
lintion started after heating for I h and reached a platmu after lill, 7. A crthite a af theed at 8 l a ys (A)lb. a rugh ~ma~on, th ~ Q exagonal anonhit and partialy crystalized at 85(C for 4 days: (A)
a h. By a mus approximation, the activation enerD Q. was SEM micrograph. (B) EDS of upper crstalline region near de seed.
Cimmed by using the Anhenius equation to be about 363 and (C) EDS of lower region away from die seed.
I/mol, and the preexponential consaw, A., to be 1.14 x
10-12 s.

Baod on the kinetic analysis above, a time period of 4 days with the SEM observations (see next section). There am vma-
IS cosen to compare the effect of temperature on the crystal- tions in the amounts of albite crystllized amund 85WOC (Fig. 3)

hilin of albite glass seeded with different phases. As shown depending upon the type of seed. Fine. triclinic seeds me the
t Fig. 3, no crystallization occurred below SW0OC. The crystal- most effective in crystallizing the albiue glass. Comnm, triclinic

681i of albite increased to a maximum in the temperature anorthice seeds ae less effective tm their fine counberpOu. as
%fnS of 8SOOO-I C,, and dropped to a minimum above expected. because of the lower surface available in the foRuer.

1O0"C. The quantitative XRD measumrements are consistent The effect of seed size on the crystallization can be seen very
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(A)(B

(c) (D)

Fig. g. SEM micrographs of albite glass seeded with fine. triclinic anorthite and reacted under different heat-treatment conditions: (A. B) 9500C. 48
h: C) 9000C. 96 h; and (D) 105C. 96 h.

clearly in Fig. 4. The difference in crystallization could be environments. An additional explanation by Uhlmann'" is that
measured only by using short treatment times in the tempera- the high growth anisotropy in albite and anorthite is due to the
ture region of maximum crystallization (Fig. 3) when differ- large entropies of fusion. He claimed that for materials with
ently sized seeds were used. Although crystallization of albite entropies of fusion A,.S> 4R, the most closely packed surfaces
glass occurred with all of the different types of seeds (Fig. 3). should be smooth. the less closely packed surfaces should be
the use of hexagonal anorthite and xerogel of anorthite led to rough. and large anisotropy in the growth rate between such
increased formation of nepheline compared to the other two orientations should be observed.
seeds. Figure 5 shows the XRD patterns of albite glass seeded Microstructural observation of partially crystallized albite
with fine triclinic or hexagonal anorthite and crystallized at glass seeded with hexagonal anorthite in Fig. 6(A) reveals 0.5-
850°C for 4 days. Hexagonal anorthite led to increased crystal- Am-thick and 3-.m-long platelike albite crystals in the center
lization of nepheline compared to the triclinic phase (Fig. ... of a crystalline region. The region appears to be close to an
We reported earlier'" the enhancement of nepheline crystalliza- anorthite seed. because high Ca content was detected by EDS
tion in albite glass with ZrO. seeding. Thus. it appears. nephe- (Fig. 6(B)). It is not clear whether the Ca diffused before. dur-
line crystallization increases with nonisostructural seeding of ing, or after the crystallization, and whether the diffusion
albite glass. helped the crystallization due to the formation of the albite-

(2) Microswuncre Development anorthite solid solution. The epitaxial crystallization around the
anorthite seeds is so fast and the first formed al ite crNstals are

The microstructure of fine-anorthite-seeded albite glass is so small that no clear image of the early-stage solid-state epi-
similar to that of crystalline-albite-seeded glass.`' It can be taxy could be obtained. However. evidence for epitaxy has been
descnbed as elongated platelike crystals at the center of crystal- demonstrated in anorthite-seeded albite gel' where the aibite
line areas (Fig. 6) and needlelike small crystals near the inter- fibers grew direct!y from the anorthite but did not contain Ca.
face between the crystalline phase and the glassy matrix (Fig. Figure 7(A) is an edge of the crystalline region where a small
7). The elongated shape of the crystal indicates high growth amount of Ca was detected in the upper left region Fig. 7(B)).
rate anisotropy, which results from the anisotropy of the surface whereas no detectable Ca was found in the lower right region of
energy. Mineralogists describe the morphology of feldspar the glassy phase (Fig. 7(C;). The upper left region apparentls. is
crystal as habit." The habits of feldspars depend mainly on close to the anorthite seed whereas the lower nght region is
crystallization temperature and to a lesser extent on chemical awa% from the seed
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Fig. 9. gEM micrographs of nepheline crystals in albite glass sample Fig. 11!. Degree of devitnification in Ab,,Aa, gelass vs• holding time:
see with hexagonal anorthite and treated at 850T¢ for 4 days. (a) quantitative XRD analysis of sample heated at 950T., and j b- I quan-

titative XRD analysis of sample heated at 850T.

in almost "'fully" crystallized samples, it was difficult to find
segregated regions with detectable Ca content. The crystals albite, It seems that nepbeline crystals formed along a certain
were distrbuted randomly and the original seed location could boundary which can be referred to as a grain boundary, from the
not be identified. Figure 8 shows SEM photographs of fine-tr- SEM pictures.
clinic-anorthite-seeded samples heated for different periods (3) $wface De~r&cadion in Abw~n, Glass
aftW heavy etching. Thie samples heated at 9500C for 8 to 48 h Pellets of Ab"Anj were heat-treated together with anonthite-
have microstructures similar to that in Fig. 8(A). Figure 8(B) seeded and unseeded albite glasses. After heat treatrrent, the
shows the randomly oriented platelike crystals of the same area e g so h b A ,s m l s w r o n n h uf c s w runder a lower magnification. The particle size of the crystals rough with many small holes which contained white crystals in
remainedstable up to 2days ofheating, and this is probably the the translucent glassy matrx. The anorthite-seeded samples
wx stage to form glass-ceramics. Significant grain growth were always opaque with sharp edges, and the unseeded aibite

occurred after heating for 4 days (Fig. 8(C)). The grain size and glass samples were translucent with round edges. Figure 10
the inter-grain glassy phase increased after heating at higher gives XRD patterns of Ab, An, glass after heat treatment at
temperatures (Fig. 8(D)). 950. Compared with the pattern in Fig. 1. the two peaks

Nepheline crystals were easily observed under gEM in the around 20 of 2go are shwWx~, and the peak at 20 of 24o is always
glassy region of hexagonal anorthite-seeded albite glass heated mr nes hnta t2 f20 Msmyb u otebg

at 800Cfbr das were bou 10 of he has wasbived. ger size and different composition of the crystals in All.An,.As shown in Fig. 9, nepheline appeared in the glassy phase as After polishing of the material at the surface, the peak intensit-
hexagonal prisms which were not larger than 5 Am in all ies lowered significantly. Note in Fig. 10 theme are no nepheline
dimensions. A similar morphology was reported in earlier stud- peaks. Figure I I is the quantitative XRD of the powder from
ies of Na:O-Ai'O3-SiO., glasses' and TiO;-catalyzed nepheline tewoesml.A • nyasalnme fcytl
glass-ceramics.' The EDS analysis did not show any Ca in started to form at one surface of the sample after heating for 4
nepheline, although up to 6 wt of CaO could be added to a days. The crystals began to form after 16 h at 950*C. A rough
nepheline glass to foxrm solid solution.;' Note tha in fth region approximation with the An'henius equation gives Q, = 205

where nepheline borined, little or no albite crystals could be UJ/moi and ,A, = 1.05 x tO-'. Compared with the A4, and Q,
found. T'hus nepheline cannot act as a nucleating agent for values for epitaxial crystallization. the much higher ,A, 0!.0 x

101' times) and lower (Q, means much slower nucleation but a
faster growth rat via surface nucleation. Figure 12 shows
etched surfaces and vertical fracture cross sections of Ab"An,
glasses heated at 9.50'C for I and 4 days. Skeletal crystals
foirmed after sbort-time hearings (Figs. 12(A) and (B)). Big
dendritic crystal cluster and small crystal -flowers" were

• •oS~sO'observed on the surface-after prolonged heating (Fig. 12(0)).
NaAI'301but only big clusters showed up in the cros section (Fig.

12(D)). The amounts of crystals in cross sections ame not equal
Sto those at the surfaces. and die crystals both in etched surfaces

• " •4Oh "and in fracture cross sections an much less than those measured
with quantitative XRD using the powders containing mnostly the

• ••m/•,,2,4h outerlayers of the sample. It was expected thaet the crystal mor-
A. &_ - - - phology could be spherulitic or fibriilar at an undercooling

161 _ greater than 100'C.' but no such crystals were found here with

esh I an undercooling of about 190*C.

' to'S 40' ' 3'5 46 IV. S4MM0

DEGRE[ES TWO THE•TA (MOO~)
Albite glasses seddwith 5 wt% anorthite were crystallized

I0. Powder XRD panems of AllAn, Siass devioified at 9WOC with maximum crystallization in the temperature range of 830-nr vaioug hldinl times. FIg 0C. SEM studies indicated that after sholtstime holding at
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(C) (D)
Flg. 12 SEM microgaphis of AbAn, glass after various beaw treatments: (A) a surface after 950TC. 24 h. (B) a cross section after 9506C. 24 It; (C)
a surface after 95M. 96 h. and (D) a cross section after 9s0C. 96 h.
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ABSTRACT

The stability of silicon oxycarbide glasses has been studied at
temperatures up to 1500*C. The silicon oxycarbide glasses were synthesized
using a sol/gel process. The pyrolysis treatment in argon influenced the
structure and composition of the synthesized glasses, and in turn, their high
temperature stability in oxidizing atmosphere. The oxycarbide glasses
pyrolyzed at _> 1000*C had lower hydrogen concentration and a more
polymerized network structure, and thereby were more resistant to oxidation
and crystallization at higher temperatures.

I. INTRODUCTION

The thermochemical and thermomechanical stability of glasses has
always been a critical issue in their high temperature applications.
Ordinarily, oxide glasses crystallize and soften at elevated temperatures.
There has been great interest in enhancing the stability of the glasses by
incorporating carbon into glass structures[1 -21 . The sol/gel process has made
it practical to synthesize these glasses[3 "5 ]. Carbon offers the possibility of 4
coordinate bonds to replace the oxygen anion which is only 2 coordinate,
and this is expected to strengthen the molecular structure of the glasses.
Chi[2J, Zhang and Pantano[4], and Runland[5] have independently reported

that there was limited crystallization of SiO2 from the oxycarbide glasses.
But these oxycarbide glasses were processed and evaluated in very different
ways. Thus, the goal of this study was to systematically examine the
relationships between processing and high temperature stability. The gels
were synthesized using an established procedure and they were pyrolyzed to
the glassy state in argon over the temperature range 800°C to 1400*C. Solid
state Magic Angle Spinning 2 9 Si Nuclear Magnetic Resonance (MAS 29Si

NMR), 13C NMR and chemical analysis were used to characterize these
glasses. The decomposition and oxidation resistance was examined by
thermogravimetric analysis (TGA). The role of glass structure and
composition in the thermochemical stability will be discussed.
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II. EXPERIMENTAL PROCEDLRES

The oxycarbide glasses were synthesized by a sollgel process[4].
Methyltrimethoxysilane was the starting material. 1 mole of MeSi(OMe) 3
was mixed with 4 moles of H20 in a beaker, and the pH value of the
solution was adjusted to 1 or 2 by adding 1 M HCI solution. After 2 hours of
stirring, the pH value of the solution was raised to 6.5 by addition of 2M
NH 4OH. The solution gelled within about 24 hours. The gels were further
dried in petri-dishes for 48 hours during which time the gels shrank by
syneresis. The solid gels were dried at 65°C to 105'C for about a week. The
dry gels were pyrolyzed to the glassy state in flowing argon at 800°C,
1000°C, 1200°C and 1400°C for 60 minutes. The oxycarbide glasses
obtained were pulverized into 100 mesh powder for solid state 29 Si NMR+,
TGA++ and chemical analysis+++. In the TGA analysis, the oxycarbide
glasses were heated at 10°C/min up to 1500°C and held for 60 minutes. The
powders studied in the TGA were subsequently examined by x-ray
diffraction.

III. RESULTS AND DISCUSSION

The carbon and hydrogen contents of the oxycarbide glasses are
shown in Figure 1. There is a big difference in composition between the
glass heat treated at 800°C relative to those heat treated at >10009C. The
carbon content increases from 12.5% at 800°C to 14% at 1000°C and
remains almost constant at higher temperatures. The hydrogen content

is 14000

12000 -g

-10000'-L
S14 1

a ~6000'
e13 - A

2000~

12' 0
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Figure 1. The variation of the carbon and hydrogen contents of the
oxycarbide glasses with pyrolysis temperature.

+ Cthmagnetic CMX-300A operathig at 59.08M1Z
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Figure 2 is the Cross Polarization 13C NMR of the glass pyrolyzed at
800'C. CP NMR depends upon the fast relaxation of H (to shorten the
spectra acquisition time) and hence is only sensitive to those carbons that
are bonded with or in the close proximity of, hydrogen. The glasses heat
treated at higher than 1000°C exhibited weak spectra and this verified their
low concentration of hydrogen. The strong signals in Figure 2 indicate that
there is a large amount of elemental carbon and --SiCH 3 in the structure of
the oxycarbide glass pyrolyzed at 800°C.

The 29Si NMR spectra of the oxycarbide glasses pyrolyzed at
progressively higher temperatures are shown in Figure 3. The 29Si NMR
spectrum for the gel is also shown for comparison. The assignment of the
peaks was made using standard compounds[6]. There are two species in the
gel, [O3SiCH3] and [HOO 2SiCH 3][4]. The hydroxyl group left in the gel is
the result of incomplete polymerization of the gel structure. The spectra for
all the glasses show the presence of [SiO4], [O3SiC] and [O 2SiC 2] species,
but the amount of the oxycarbide species is quite different. With the increase
of pyrolysis temperature, the relative concentration of [O3SiC] decreases.
Above 1200*C, [SiC 4] ( - -15 ppm) appears in the 29Si NMR spectra. At
1400°C, most of the [O3SiC] species in the glass decompose and [SiC 4]
species increase in concentration.

It should be noted that the [O3SiC] peak shifts from -65ppm in the
spectrum of the glass pyrolyzed at 800°C to - -75ppm in these higher
temperature glasses. The broad [O3SiC] peak at -65 ppm in the spectrum of
the 800*C glass probably represents a distribution of [O3SiCH3] and
[OHO2SiCH 3]; these species are clearly resolved in the spectrum of the gel
at -68 and -58 ppm, respectively. At > 10000C, the downfield shift of this
broad peak denotes a relative loss of the terminal OH species (-58 ppm).
This is consistent with the 29Si NMR spectra of silicate minerals where
polymerization of the silicate structure leads to a down field shift of the
peaks[7l. Here the [Q 3SiC] peak shift from -65 ppm to -75 ppm corresponds
to the removal of network terminating OH and CH3 groups through
polymerization of the network structure.

elemental carbon CH3SiN

, * I, I , * I I I * I , I * I

3SO. 00 300.00 250.00 200.00 150. 00 100. 00 SO. 00 0. no -50.00 -1=0 0 -I.50 00

Figure 2. CP 13C MAS NMR of the oxycarbide glass pyrolyzed at 800°C.
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Figure 3. 2 9 Si MAS NMR spectra of the gel and the oxycarbide glasses
pyrolyzed at various temperatures

Reactions which result in the polymerization of the glass structure can
be shown as:

I I I I

-SiCH 3 + H 3CSi- -+ aSi-CH 2-Si- + 2H2 + C (free carbon) 2)

The evolution of H20 and H2 accounts for the chemical analysis in
Figure 1 where a relative increase in total carbon, and decrease in hydrogen,
is revealed.

TGA of the glasses in oxygen up to 1500MC is shown in Figure 4. The
weight change values are listed in Table I. The TGA results in Ar are
included for reference.

iable I. Weight Chan&e Behavior of the Oxycarbide Glasses up to 1500!C
Atmosphere 02 Ar

rolysis Temperature(0 C)
-8% -13%

L000 +2% -11%
1200 +2% -7%
1400 +2% -6%

40



'0'- 000C-
1400*C

102- 1200c

- 100

-_ 96's

92-

500 1000 1500
TEMPERATURE,deg C

Figure 4. TGA of the oxycarbide glasses in Oxygen up to 15000C

The behavior of the oxycarbide glass pyrolyzed at 800'C is very
different from the other glasses. The glass loses weight up to 400'C and
then gains weight between 400*C and 6000C. Above 600°C, the sample
loses weight again. The residual material left after the TGA runs is almost
white, and shows a strong peak of crystalline SiO2 in the x-ray diffraction
pattern. Conversely, the glasses heat treated in argon loses weight
continuously in this temperature range.

Weight loss in 02 has two possible sources:
1. Oxidation of the methyl group in the silicate network:

2 aSi-CH3 + 302-- 2 -=Si-01/2 + 2Cot + 3H20T 3)

Weight loss is the result of the mass difference of CH 3 and 012.
2. Oxidation of free (aromatic) carbon:

2C + 0 2 -- 2COt 4)

Since free carbon undoubtedly exists in the oxycarbide glasses, its oxidation
contributes a weight loss.

Weight gain can be explained by replacement of network carbon by
oxygen. One possible reaction is :

2 ai-CH2-SiN + 202 -ý 2NSi-O-Siu + 2CO1 5)

The sample gains weight from the mass difference of CH2 and 0.

Because of the terminal CH 3 and OH groups in the network of the
glass pyrolyzed at 8000C, it has much less resistance to oxidation and
crystallization. The terminal sites enhance the mobility of the network. The
CH3 is more readily oxidized than the network carbon that forms at high
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pyrolysis temperature. The OH groups, which can condense to water at high
temperatures, lower the viscosity and provide internal oxidants.

IV. CONCLUSION

It has been shown that there is a relationship between pyrolysis,
structure/composition, and stability of oxycarbide glasses synthesized
through the sol/gel process. Although the oxycarbide glass pyrolyzed at
800°C has abundant Si-C bonds in the glass structure, the network is
terminated by Si-CH3 and SiOH groups. These terminating groups increase
the mobility and reactivity of the glass at high temperatures. Pyrolysis at >
1000*C in argon is found to create a polymerized oxycarbide glass structure
that is more stable upon further oxidation and decomposition at even higher
temperatures.
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SOL-GEL FABRICATION OF Pb(Zr0.S2Tlo.43)03 THIN
FILMS USING LEAD ACETYLACETONATE AS THE

LEAD SOURCE

Abstract

Lead zirconium titamae (PZT) thin films of the morphotropic phase bouridary

composition [PbZro.s2Tho.4&)031 wern deouited on pldatbi coated silico by a modified

aol-gel process using lead acits!aetnmsa the lead source. The preoruo solution for

spi-cotin wa prpard fom eadacelactomtezirconium a-butoxide and titanium

Isopopode.The use of lead acetylaeton P instead of dhe widely used lead acetat

brlhdmue povide mote stablit to the PZT pmcunmot soution. Films annealed at 700t

for 12 vni. formed well-crystallized perovsklte phas Of Pb(ZrO.52T10.48)03.

OWN- osucirsofthmesfilms indicated the presmo of submicmnrongib(0.1 to0. Upm).

The dielectric constant arid loss values of these films were appoxmaely 1200 and 0.04,

respectiely, while the remanien polarizaton and coercive field were - 13 guC/cm2 and

- 35 kWcnm. Agin of the solution had Walm ost effect on the dielectic and ferroelectric

propertiesof thesefilm.
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SOL-G,.. FABRICATION OF Pb(Zro.52Tio.48)O 3 THIN
FILMS USING LEAD ACETYLACETONATE AS THE

LEAD SOURCE

INTRODUCTION

The lead zircmmte - lead titmte system [Pb(Zri.,T11O0, x - 0 to I or PZT] forms

perovaki type solid sobutiom over the entire compuitonl =u0 t . PZT ceral matemi
in Various fomSuch Sintefd bodies, 13 thin films,4, flbeM6,7 gd compoItes8 have

been extensively studied becamuse of their excellent piezoelectric propeulles. Compastiom

close to the morphotropic phase boundary (x a 0.52 to 55), exhibit high dielectric

coxmi md electiomecaca couplif coefceLnt m thin fimsh• ve been prepaed

by various methods including rf-sputtering, 9 laser ablation,10 metallo-orgpnic

d positom11 and sol-gel process. 4 ,5 The pomential applicationm of these films include

non-volatile memories, apacitoms, pyroelecuc senmos, mrfkce acoustic wave substes,

micromechankal devices, switches, spatial light modulators, optical memories and

displays, and frequency doublers for diode Isem.12-15 Sol-gel processing of PZT thin

films hns pined much Intere becmse of its (i) simplicity, (II) low procming tempertue,

(ii) chemical homogeneity and try control and (iv) the ability to produce

unioam ftim over a hw area.

PZT films have been pepared by sol-gel methods by using a variety of metal -

orgjanc precuOr.L4,-5, 16-19 The widely used precurnor for the prepangion of PZT thin

tirmn include lead acetate trihydrte, titmanum asopropode nd zirconium Isopr-poxide or

ziroium isobutoxide. Gurkovich and Blum20 used lead acetate trihydate and titanium

Map opoxde disolved in 2-methox0 hanol for the firs time to synthesize monoliddc lead

tianate. This precursor method hua been adopted by Budd, Day and Paynel 6 to fbricate
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lead tdtome, lead zirconium titanate and lead lanthanum zirconium titanate films.

We have followed this procedure to fabricate continous lead titanate, PZT and modified

T fibers.6.7 It has been reported that the ferroelectric properties of PZT films

degrade with ging of the precursor solution. 12 In addition, to obtain good properties

complete dehydration of the lead acetate trihydate is required. Multiple distillations of

lead acetate dissolved in 2-methoxyethanol lead to the formation of

Pb(OOCCH 3XOCH2CH2CH3).xH20 (x < 0.5).21 Other lead sources are also available

to prepare PZT precu• solution. Chen et S1.17 and HFmeh and Mecartney t 8 used lead 2-

ethylbexanoate as the lead source for preparing PZT liquid precursors and thin films.

Tohge, TahahUhl and Minmn1 9 prepar ?b(ZrxTil.x)03 1x - 0 to 0.61 thin films from

metal alkoxides such as lead ethoxide, zirconium n-butoxide and titanium n-butoxide

stabilized with ethanol solution containing monoethanolamine and acetylacetone.

Fukouhima et al.22 deposited Pb(ZrO.sTio.5)0 3 films from a complex precursor of lead 2-

ethymzamite, zir um wycetComIe, tihmhan tetrabutoxide and butanol.

Modified metal chelate complexes with P-diketons, f-ketoesters, alkanolamines

and diols are known to be more stable towards hydrolysis than the alkoxides of some

metals soch as Al, TI md Zr.23 26 These more stable chelated complexes have therefore

been recognized as convenient starting materials for the preparation of homogeneous

coating of A1203, TDO2 and Z902. We have used for the first time lead acetylacetonme

complex n the source of lead in preparing a stable Pb(Zro.s2Tio.48)O3 precursor solution.

In this paper, the Preparation of Pb(ZrO.52Ti 0.48)03 thin films using the new precunr

solution, film micmotrucre, and dielectric and feroelectric properties are discussed.

Characteation of the aol-gel derived PZT powder by differential thermal analysis (DTA),

themoavp• c alyuis (TGA) and X-ray diffraction (XRD) is also reported.
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EXPERIMENTAL

The modified scheme for the prepration of Pb(Zro.S2Tio.A)03 precursor solution

is outlined In Fig. 1. Lead atyeoCte702)b],+ zirconium n-butoxide

[Z(OBU)4J 80% solion in .buo-Wao and titanium iSOroPXIde ITi(OPri) 4 * were used

as the starting materials. Lad acetylacetonate was dissolved in 2-methoxyethanol by

refluxing the solution at 125C for 12 h. To this solution, a stoichiometric amount of

Zj(OBu)4 was added and refiued at 125°C for 6 h. TKOPO) 4 was then added to the Pb-Zr

solution and again refluxed at 125*C for 6 h to form a 0.4 M PZT (acetylacetonate)

precursor solution. Finally, 4 vol% fornamide* was added to the solution in order to

improve the drying behavior of the sol-gel.

PZT films were deposited onto platinum coated silicon substiates using a spin

coater* operated at 3000 rotations per minute for 20 s. Before coating, the precursor

solution was passed through 0.2 pm nylon filters.* Rapid pyrolysis of PZT gel films was

achieved by placing on a hot plate at 350*C for 5 min. Multilayer depositions (7 and 10

coatings) were performed to increase film thickness. These films were subsequently

converted to crystalline Pb(Zro.52Tio.4s)O3 by annealing between 600 and 700C in air.

Crystallization behavior of the films was studied using a grazing angle X-ray

diffractometerA.# Film microstracture and thickness were evaluated using a scanning

+Alfa products, Ward Hill, MA.

*Aldrich Chemical Company, Milwaukee, WI

*P-6000, Integrated Technologies, Achushnet, MA.

#Model DMICROS, Scinteg, Santa Cham, CA
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electrnx microscope (SEM).V Capacitance as a fianction of slowly varying bias voltage

was measured with 10 mV signal at 10 kHz using an impedance analyzer.* The dc bias

voltage was stepped through 0.2 V incremients from 0 to 10 V to -10 V and back to zero.

Sputtered gold (- 1000 A) deposited through a shadow mask was used as the top contact

electrode. The P-E hysteresis curves of these films were measured using a Sawyer -

Tower circuit at 60 Hz. In addition, gel powder obtained from the coating solution was

chanecerized using a differential thermal anslyzertl a thermogravimetric analyzerd and an

X-ray dlffractonieter.

RESULTS AND DISCUSSION

-if-STBLT

The gelation time was taken as a measure of solution stability. At room

temperature, when 9 moles of water was added to each mole of the PZT (acetylacetonate)

solution, gelation occured In 4800 min. Under Identical hydrolysis conditions, PZT

(acetate) solution prepared using lead aetetrihydrate as the lead source gelled within 10

min. The procedure for preparing the PZT(acetate) solution is discussed in detail by

Selvarai et al.6 Increased gelation time for the PZT (acetylacetonate) solution reflects its

stability against hydrolysis and polycondensation reactions. Based on NMR results,

Ramamurthi and Payne21 interpreted the multiple distillation product of lead acetate

trihydrate dissolved In 2-methoxyethanol as Pb(OOCCH3)(OCH 2CH2OCH 3).xH20

(z < 0.5). The increased chemical stability of PZT (act.aeont) solution as compared

YISI-DS 130, Akashi Beam Technology Corporation, Tokyo, Japan.
*Model 4192A, Hewlett Packard, Cupertino, CA
tModel DTA, 1700, Perkin-Elmer, Norwalk, CT.
dDelta Series TGA7 , Perkin-Elmer.
&Model DMC, 105, Sclntag.

48



to PZT (acetate) solution can be attributed to the greater steric effects of the bidentate

acetylacmome igands relative to acetate or 2-methoxyethoxide.22-23

XRD patterns of the gel powder heat treated at 500* and 600°C for I h are shown

Fig. 2. A mixture of pyrochiore and perovskite phases were formed at 500°C, while

complete perovskite phase resulted at 6000C. Fig. 3 shows the DTA and TGA curves for

the gel powder pre-heated at 300°C for 2 days to remove the organics and residual carbon.

From the TGA curve it can be seen that the gel exhibited approximately 4% weight lows in

the temperature range of 50 to 700 °C due to the presence of adsorbed water and residual

carbon. Removal of organics and the major amount of residual carbon from the gel powder

by heat treating at 3000C provided unambiguous assignment of the DTA peaks at 480' and

5850C to pyrochlore phase formation and its trmfo-nadon into perovskite, respectively.

Fig. 4 shows the grazing angle X-ray diffraction patterns of Pb(Zro.52TiO.4S)O 3

thin fllms on platinum coated silicon and heat treated at 500W and 7000C in air. These fidms

formed pyrochlore phase at 5000C and complete perovskite phase at 700-C. Fig. 5 shows

the SEM micrographa of 7 and 10 layer thick films of Pb(ZrO.s 2TiO.48)0 3 heat treated at

700oC for 12 min. The thicknesses of the 7 and 10 layer films as measured from SEM

cross sectious were 0.40 and 0.65 Pm, respectively. These films exhibited fine grained

microstrctures with grain size ranging from 0.1 to 0.2 pm. Island-like regions I to 2 Pm

across were also observed. Compositional analysis by Energy Dispersive Spectroscopy

(EDS) showed no variation between the island regions and the surrounding film.
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Filgs. 6a and 6b show the dielectric constant versus bias field for 0.40 and 0.65

pm thick films. The arrows are indicative of the sequence of data collection, for slowly

varying bias field. The two peaks in Figs. 6a and 6b originate from the ferroelectric

polarization reversal and domain switching. 5 The field separation between these two peaks

correspond to coercive field values of 30 kV/cm and 27 kV/cm for films of 0.40 and 0.65

pm thickness, respectively. The dielectric constant (6r) of these films measured at zero bias

was about 1200 whereas the dielectric lows value (tanb) was about 0.04. Figs. 7a and 7b

show the hysteresis loops of 0.40 and 0.65 pm thick films. The measured saturation and

remanant polarizations (Ps and Pr) for the 0.40 pm thick film were 31 and 13 pC/cm2 ,

respectively. For the 0.65 pm thick film the saturation and remanant polarizations were 29

and 13 pC/cm 2. The coercive fields, Ec, calculated from the hysteresis loops were 36 and

33 kV/cm, respectively, for the 0.40 and 0.65 pm thick films. These values are slightly

higher than those obtained from the C-V analysis described above.

To determine the aging effects of the PZT (acetylacetonate) solution on the dielectric

and ferroelectric properties, thin films were formed using solution aged for I and 150 days.

The dielectric and ferroelectric properties of these films (- 0.4 pm thickness) deposited

onto platinum coated silicon and annealed at 700C for 12 min. are summarized in Table 1.

Aging of the solution virtually had no effect on the dielectric and ferroelectric properties of

these films. It can be attributed to the greater stability of PZT(acetylacetonate) solution

relative to prT(acetae) solution. 12

CONCLUSIONS

A modified al-gel process was developed to form Pb(Zro.s2Tio.4s)03 thin films on

platinum coated silicon. Lead acetylacetonate was used for the first time as the lead

precursor instead of the widely used lead acetate trihydrate. A more stable PZT precursor

solution resulted from the use of lead actylacetonte. Thin film XRD results indicated that
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the amoqrphus films formed well-crystallized PZT perovsklte phase when annealed at

700"C for 12 min. The measured dielectric constant and loss values of these films were

about 1200 and 0.04. Ferroelectric hysteresis with Pr of - 13 pC/cm 2 and Ec of - 35

kV/cm was demonstrated for Pb(ZrO. 52Tio.48)O 3 films. Aging of the solution virtually

had no effect on the dielectric and ferroelectric properties of these films. It has been shown

from the present study that a stable PZT precursor solution can be prepared by using lead

acetylacetonate as the lead source and this precursor can be used for the preparation of a

variety of multicomponent thin films with lead as one of the constituents.
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FIGURE CAPTIONS

Fig. I Scheme for the prepaation of Pb(Zro.52Tio.4)03 precursor solution using lead
acetylacetonate as the lead source in a modified sol-gel process.

Fig. 2 DTA and TGA curves for the Pb(Zro.52Ti0 4&)03 gel preheated to 300°C for I

day.

Fig. 3 XRD patterns for the Pb(Zr0.32T10.4 8)0 3 gel heat treated at 5000 and 6000C for

I h.

Fig. 4 Thin film XRD patterns of the Pb(Zr0.52Tios).403 gel films heat treated at 5000
and 7000C.

Fig. 5 SEM micrographs of(a) 0.40 prm thick and (b) 0.65 prm thick
Pb(Zr0 .52Ti0.48)03 films annealed at 700°C for 12 min.

Fig. 6 Dielectric constant versus bias field for: (a) 0.4 pm thick and (b) 0.65 pm thick

Pb(ZA0.52Ti0.40)03 filmL

Fig. 7 Ferroelectric hysteresis loops for. (a) 0.4 pm thick and (b) 0.65 jrm thick

Pb(Zt0.52Tio,48)O3 films.
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Table 1
Dielectric and ferroelectric properties of 0.4 jim thick Pb(Zro.5 2Tio.48)0 3

films with the precursor solution aging

Aging E t6 Pr PS Ec
(days) (pC/ran2) (pC/ac 2) (kV/cm)

1 1200 0.04 13.0 31 36

150 1210 0.04 13.1 30 34
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Lead ac.etylacetonate
in 2-methoxyethanol

Reflux in argon
at 125"C for 12 h

Add Zirconium n-butoxide
in 2-methoxyethanol

Reflux in argon
at 125"C for 6 h

ILead-Zirconium complex
~Solution

Add Titanium. isopropo ie•
Solution t

Reflux in argon
at 125"C for 6 h

[PZT Complex Solu~ti~ojn

I
(AAdd Formamide

FPZT Precursor Solution

Fig. 1 Scheme for the preparation of PZT precursor
solution using lead acetylacetonate as the
lead source in a modified sol-gel process.
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